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P R E F A C E  

N o c t i l u c e n t  c l o u d s  a r e  a r a r e  a n d ,  a t  t h e  same t i m e ,  v e r y  
i n t e r e s t i n g  n a t u r a l  phenomenon  w h i c h  h a s  r e c e n t l y  a t t r a c t e d  t h e  
a t t e n t i o n  o f  r e s e a r c h e r s  i n  d i f f e r e n t  c o u n t r i e s ,  s p e c i a l i s t s  i n  
v a r i o u s  f i e l d s  o f  k n o w l e d g e ,  a n d  a m a t e u r  o b s e r v e r s .  The I n t e r -  
n a t i o n a l  Symposium o n  N o c t i l u c e n t  C l o u d s  w h i c h  t o o k  p l a c e  i n  t h e  
s p r i n g  o f  1 9 6 6  i n  T a l l i n n  i n d i c a t e d  t h e  g r e a t  i n t e r e s t  w h i c h  e x i s t s .  
R e p r e s e n t a t i v e s  o f  11 c o u n t r i e s ,  i n c l u d i n g  g e o p h y s i c i s t s ,  a s t r o n o -  
m e r s ,  m e t e o r o l o g i s t s ,  a n d  p h y s i c i s t s  p a r t i c i p a t e d  i n  t h i s  s y m p o s i u m .  

The d i s t i n c t i v e  c h a r a c t e r i s t i c s  o f  n o c t i l u c e n t  c l o u d s  a r e  t h e i r  
h e i g h t  a b o v e  t h e  E a r t h ' s  s u r f a c e  ( a b o u t  8 0  k m ) ,  t h e  s t r i c t  l a t i -  
t u d i n a l  a n d  s e a s o n a l  l i m i t a t i o n s  o n  t h e i r  a p p e a r a n c e ,  t h e i r  f i n e  
s t r u c t u r e ,  t h e  l a r g e  a r e a s  o f  t h e  c l o u d  f i e l d s ,  a n d ,  a t  t h e  same 
t i m e ,  t h e i r  a l m o s t  a b s o l u t e  t r a n s p a r e n c y .  

N o c t i l u c e n t  c l o u d s  w e r e  f i r s t  d i s c o v e r e d  a s  a n  i n d e p e n d e n t  
n a t u r a l  phenomenon i n  R u s s i a  ( b y  V . K .  T s e r a s k i y ,  i n  1 8 8 5 ) .  The 
f i r s t  s y s t e m a t i c  s t u d i e s  o f  n o c t i l u c e n t  c l o u d s  w e r e  b e g u n  i n  t h e  
S o v i e t  U n i o n ,  a n d  w e  w e r e  t h e  f i r s t  t o  s e t  up a n e t w o r k  o f  s t a t i o n s  
f o r  o b s e r v i n g  t h e m ,  t h u s  s u c c e s s f u l l y  d e a l i n g  w i t h  t h e  p r o b l e m s  o f  
t h e  t h e o r y  o f  t h e i r  f o r m a t i o n .  

T h i s  c o l l e c t i o n ,  w h i c h  w a s  p r e p a r e d  by  t h e  A l l - U n i o n  A s t r o n o m i -  /4 
c a l  a n d  G e o d e t i c  S o c i e t y ,  c o n t a i n s  a r t i c l e s  w h i c h  e x a m i n e  b o t h  
t h e o r e t i c a l  p r o b l e m s  a n d  t h e  r e s u l t s  o f  t h e  o b s e r v a t i o n s  o f  n o c t i -  
l u c e n t  c l o u d s  c o n d u c t e d  i n  t h e  USSR a c c o r d i n g  t o  t h e  p r o g r a m  o f  t h e  
D i v i s i o n  o f  N o c t i l u c e n t  C l o u d s  i n  t h e  C e n t r a l  C o u n c i l  o f  t h e  A l l -  
U n i o n  A s t r o n o m i c a l  a n d  G e o d e t i c  S o c i e t y .  

The p u b l i c a t i o n  o f  t h e s e  s t u d i e s  w i l l  u n d o u b t e d l y  e x p a n d  o u r  
k n o w l e d g e  o f  t h e  n a t u r e  o f  n o c t i l u c e n t  c l o u d s  t h e m s e l v e s ,  a s  w e l l  
a s  r e l a t e d  c l o u d  f o r m a t i o n s  on Mars a n d  V e n u s .  I t  w i l l  a l s o  b r i n g  
a b o u t  a d e e p e r  u n d e r s t a n d i n g  of t h e  p r o c e s s e s  o c c u r r i n g  i n  t h e  
m e s o p a u s e  o f  t h e  E a r t h ' s  a t m o s p h e r e  a n d  t h e  a t m o s p h e r e s  o f  t h e  
t e r r e s t r i a l  p l a n e t s .  

V 



F O R E W O R D  

T h i s  c o l l e c t i o n  c o n t a i n s  a r t i c l e s  w h i c h  e x a m i n e  t h e  n a t u r e  a n d  
t h e  r e s u l t s  o f  o b s e r v a t i o n s  o f  n o c t i l u c e n t  c l o u d s  f l o a t i n g  a t  a n  
a l t i t u d e  o f  8 0  km. The t h e m e s  o f  t h e  a r t i c l e s  i n c l u d e  a s u r v e y  o f  
o b s e r v a t i o n s  o f  n o c t i l u c e n t  c l o u d s  a f t e r  1 9 5 0 ,  a t h e o r y  o f  wave 
movemen t s  i n  n o c t i l u c e n t  c l o u d s ,  m e t h o d s  f o r  d e t e r m i n i n g  t h e i r  
p o s i t i o n  i n  a p r o j e c t i o n  on t h e  E a r t h ’ s  s u r f a c e ,  c a l c u l a t i o n s  o f  
t h e  c o o r d i n a t e s  o f  t h e  c l o u d s  w i t h  t h e  a i d  o f  e l e c t r o n i c  c o m p u t e r s ,  
t h e  r e s u l t s  o f  o b s e r v a t i o n s  o f  n o c t i l u c e n t  c l o u d s  i n  L a t v i a ,  
E s t o n i a ,  a n d  t h e  S m o l e n s k  a n d  R y a z a n  r e g i o n s ,  a n d  t h e  p r o b l e m  o f  
l i n k i n g  t h e  a p p e a r a n c e s  o f  n o c t i l u c e n t  c l o u d s  w i t h  a t m o s p h e r i c  
c u r r e n t s  on t h e  E a r t h  a n d  w i t h  s u n s p o t  a c t i v i t y .  

The c o l l e c t i o n  w a s  i n t e n d e d  f o r  s p e c i a l i s t s  i n  g e o p h y s i c s ,  
m e t e o r o l o g i s t s ,  a s t r o n o m e r s ,  g r a d u a t e  a n d  u n d e r g r a d u a t e  s t u d e n t s ,  
a n d  a m a t e u r  a s t r o n o m e r s .  

E d i t o r - I n - C h i e f ,  
C a n d i d a t e  i n  P h y s i c a l  a n d  M a t h e m a t i c a l  S c i e n c e s  
cZ=. 1 . V i l l m a n n  
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M O R P H O L O G I C A L  A S P E C T S  A N D  T H E  N A T U R E  O F  N O C T I L U C E N T  C L O U D S  

N.I. G r i s h i n  

ABSTRACT:  The morphoZogicaZ a s p e c t s  and t h e  
n a t u r e  of n o c t i Z u c e n t  cZouds a r e  d i s c u s s e d  i n  
t h i s  a r t i c Z e .  The a u t h o r  shows t h e  p r i n c i p a Z  
a d v a n t a g e s  of t i m e - l a p s e  p h o t o g r a h  i n  examining  
t h e  wave movements i n  t h e  cZouds and i n  d e t e r -  
m in ing  t h e  n a t u r e  of t h e  u p p e r  Zayer of t h e  
cZouds and t h e  lower Zayer,  o r  t h e  v e i Z .  I t  i s  
shown t h a t  t h e  chemicaZ c o m p o s i t i o n  of t h e  con- 
densed  m a t e r i a l  i n  n o c t i Z u c e n t  cZouds shouZd be 
s t u d i e d  i n  g r e a t e r  d e t a i Z ,  and t h a t  w a t e r  vapor  
shouZd n o t  be c o n s i d e r e d  t h e  o n l y  p o s s i b l e  sub-  
s t a n c e  c o m p r i s i n g  t h e  condensed  p a r t  o f  n o c t i -  
Zucent c l o u d s .  

M o r p h o l o g i c a l  s t u d i e s  o f  n o c t i l u c e n t  c l o u d s  h a v e  b e e n  c o n d u c t e d  - /5$: 
s i n c e  t h e i r  d i s c o v e r y .  S u c h  m o r p h o l o g i c a l  d e s c r i p t i o n s  w e r e  made 
e v e n  i n  1 8 8 5 - 1 8 8 6 .  H o w e v e r ,  i n t e r e s t  i n  t h e m  s o o n  w a n e d ,  a n d  t h e s e  
c l o u d s  were  t r e a t e d  o n l y  a s  a c u r i o u s  phenomenon  for more  t h a n  h a l f  
a c e n t u r y .  S i n g l e  r e p o r t s  a n d  s t u d i e s  o f  t h e m  a p p e a r e d  f r o m  t i m e  
t o  t i m e  i n  p e r i o d i c a l s .  H o w e v e r ,  t h e r e  w a s  n o  s u b s e q u e n t  s c i e n t i f i c  
a c c u m u l a t i o n  o f  t h e  o b s e r v a t i o n a l  d a t a .  N e v e r t h e l e s s ,  t h e  l a t t e r  
a r e  n e c e s s a r y  a s  t h e  f i r s t  l i n k  i n  s t u d y i n g  a n y  n a t u r a l  p h e n o m e n o n .  

O r g a n i z a t i o n  o f  R e g u l a r  O b s e r v a t i o n s  

The f i r s t  a t t e m p t  i n  t h e  U S S R  t o  o r g a n i z e  s c i e n t i f i c  o b s e r v a -  
t i o n s  o f  n o c t i l u c e n t  c l o u d s  w a s  made by  Y e . L .  K r i n o v  i n  1 9 3 5 .  H i s  
d i r e c t i o n s  f o r  r e g u l a r  o b s e r v a t i o n s  [l] w e r e  t h e  f i r s t  e x p e r i m e n t  
w i t h  s u c h  i n s t r u c t i o n s ,  a n d  t h e y  s t i m u l a t e d  a m a t e u r  o b s e r v a t i o n s . '  
However ,  s t u d i e s  on a p r o f e s s i o n a l  l e v e l  r e m a i n e d  i n s i g n i f i c a n t .  
I n  1 9 3 7  a n d  1 9 3 9 ,  i n s t r u c t i o n s  f o r  o b s e r v i n g  n o c t i l u c e n t  c l o u d s  
w e r e  d r a w n  u p  b y  G . O .  Z a t e y s h c h i k o v  a n d  V . A .  B r o n s h t e n  [ 2 ] .  N e w  
d i r e c t i o n s  made b y  V . A .  B r o n s h t e n  a p p e a r e d  i n  a n o t h e r  e d i t i o n  t e n  
y e a r s  l a t e r  C 3 l .  

A s y s t e m a t i c  s e r i e s  o f  r e g u l a r  o b s e r v a t i o n s  w a s  b e g u n  i n  1 9 4 9 .  
V . G .  T e y f e l '  ( i n  R y b i n s k )  a n d  N.I. G r i s h i n  ( i n  Moscow) a c c u m u l a t e d  
d a t a  i n  o r d e r  t o  d e v e l o p  a u n i f i e d  m e t h o d  f o r  s c i e n t i f i c  o b s e r v a -  

- . - -. . . - -.. 
"Numbers i n  t h e  m a r g i n  i n d i c a t e  p a g i n a t i o n  i n  t h e  f o r e i g n  t e x t .  

'The e a r l i e s t  a t t e m p t  t o  d r a w  u p  i n s t r u c t i o n s  for o b s e r v a t i o n s  o f  
n o c t i l u c e n t  c l o u d s  w a s  made b y  K . D .  P o k r o v s k i y  [ 6 6 ] .  



tions of noctilucent clouds. Different variations were tested for 
several years. The observational data served as the basis for a 
number of new studies. These studies included a work which at- 
tempted a morphological classification of noctilucent clouds C41. 
It was based on the data of numerous visual and photographic observa- 
tions. The cinematographic mateiqials helped in making certain de- 
tails of the classification more accurate. The principle of the 
common nature of geometric, dynamic and other physical properties 
characteristic of the shapes of noctilucent clouds was the under- 
lying concept. The number of works examining various aspects of 
the nature of the phenomenon increased simultaneously [5, 61. Thus, 
there arose the need for conducting more expansive observations and 
measurements. 

/ 6  - 

At the beginning of the International Geophysical Year (1957- 
1958), the All-Union Astronomical and Geodetic Society (AUAGS) of 
the Academy of Sciences of the USSR worked very industriously on a 
formulation of the scientific problem of noctilucent clouds. At 
the second session of the AUAGS, it was resolved in a special re- 
port [7] that this society would participate actively in the IGY 
program in terms of the problem of noctilucent clouds [ 8 ] .  The 
program for these studies was soon established [9, lo]. This pro- 
gram stipulated that composite observational data on the principal 
physical properties of noctilucent clouds should be obtained during 
the course of the IGY. 

During subsequent years, the AUAGS has participated actively 
in the programs of the IGY, the IGC (International Geophysical 
Cooperation of 19591, and the IQSY (1964-1965). The observation 
stations of AUAGS are established as the standard; the data of 
these stations are most reliable, and are used as the reference 
sources. The first scientific conference on the problem of nocti- 
lucent clouds was organized by the AUAGS and held on December 1-2, 
1965 in Moscow [ll]. The conference unified different researchers 
who had been studying the problem. The Joint Geophysical Committee 
for executing the IGY program established a special working group 
for studying noctilucent clouds; this group did a large amount of 
work in organizing the observations during the IGY period. Shortly 
after this, 220 stations of the Central Board of the Hydrometeoro- 
logical Service of the USSR were conducting regular observations, 
for which a special program, instructions, and outlines for logging 
the observations were drawn up [12, 131. 

Before the beginning of the IGY, the All-Union Astronomical 
and Geodetic Society held a second scientific conference on nocti- 
lucent clouds. A large number of scientific research establishments 
had been included in the study by this time: the Astronomical Ob- 
servatory of Leningrad University, the Institute of Applied Geo- 
physics of the Academy of Sciences of the USSR, and Ural State 
University (in Sverdlovsk). Instructions for observation of nocti- 
lucent clouds were drawn up by N.I. Grishin, particularly for the 
IGY program. These instructions were accepted as the international 



s t a n d a r d ,  a n d  were r e p r i n t e d  i n  B e l g i u m  i n  F r e n c h  [14]. On t h e  
b a s i s  o f  t h e s e  i n s t r u c t i o n s ,  s e v e r a l  m a n u a l s  f o r  o b s e r v a t i o n s  o f  

m a n u a l s  i n c l u d e d  t h o s e  p u b l i s h e d  i n  L a t v i a  ( b y  M . A .  D i r i k i s )  a n d  i n  
E s t o n i a  ( b y  C . I .  V i l l m a n n ) .  N o c t i l u c e n t  c l o u d s  .became t h e  s u b j e c t  
o f  a n  i n t e r n a t i o n a l  c o o r d i n a t e d  s t u d y .  P e r i o d i c  s c i e n t i f i c  c o n -  
f e r e n c e s  d i s c u s s e d  t h e  p r o b l e m s  o f  t h e  m e t h o d s  f o r  o b s e r v a t i o n s  
a n d  t h e  r e s u l t s  o f  e x p e r i m e n t a l  a n d  t h e o r e t i c a l  s t u d i e s .  To t h e  
p r e s e n t ,  e i g h t  s u c h  c o n f e r e n c e s  h a v e  b e e n  h e l d  ( s e e  T a b l e  1). 

/ 7  n o c t i l u c e n t  c l o u d s  w e r e  p u b l i s h e d  i n  t h e  USSR [15-181. T h e s e  - 
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Preparing f o r  I G Y  
P r o g r a m  f o r  S tud -  
i e s  d u r i n g  I G Y  
R e s u l t s  o f  t h e  1 
Y e a r  o f  t h e  I G Y  
R e s u l t s  o f  t h e  

I G Y  
Resulls d s tudy ing  
No c t i l u c e n t  C 1o.1 C 

i n  t h e  U r a l s  
N a t u r e  o f  N o c t i -  

l u c e n t  C l o u d s  
R e s u l t s  o f  t h e  
S t u d i e s  o f  t h e  IG 
R e s u l t s  o f  t h e  
S t u d i e s  d u r i n g  

t h e  IQSY 

P u b l i c a t  i o n s  

Clll 
[191 

C641 

[B]; Works u f - k  
C o n f .  C211C651 

C651 

C221; Works o f  
C o n f e r e n c e  C231 
[24, 251; Works o f  
C o n f e r e n c e  C261 
[27] Works o f  
C o n f e r e n c e  [28 3 

D o c u m e n t a r y  o b s e r v a t i o n  d a t a  b e g a n  t o  a p p e a r  r e g u l a r l y .  A l m o s t  
e v e r y  a p p e a r a n c e  o f  n o c t i l u c e n t  c l o u d s  w a s  p h o t o g r a p h e d  many t i m e s .  
T i m e - l a p s e  p h o t o g r a p h y  w a s  u s e d .  I n  t h e  d i v i s i o n s  o f  t h e  AUAGS 
( L a t v i a ,  E s t o n i a ,  L e n i n g r a d ,  S m o l e n s k ,  M O S C O W ,  R y a z a n s k ,  G o r ' k i y ,  
U l y a n o v s k ,  S v e r d l o v s k ,  N o v o s i b i r s k ,  a n d  T o m s k ) ,  many t e n s  o f  t h o u -  
s a n d s  o f  p h o t o g r a p h s  a n d  o t h e r  d o c u m e n t a r y  m a t e r i a l s  h a v e  b e e n  
a c c u m u l a t e d .  N e v e r t h e l e s s ,  t h e s e  m a t e r i a l s  h a v e  n o t  b e e n  a n a l y z e d  
i n  s u f f i c i e n t  d e t a i l .  T h e r e  h a v e  n o t  b e e n  e n o u g h  a r t i c l e s  on t h e  
r e s u l t s  o f  a n  a n a l y s i s  o f  c o n c r e t e  o b s e r v a t i o n s  a n d  m e a s u r e m e n t s .  
A t  t h e  same t i m e ,  t h e  t h e o r e t i c a l  s t u d i e s  n e e d  much more  f a c t u a l  
m a t e r i a l s .  T h e r e  i s  e v e n  a c e r t a i n  g a p  b e t w e e n  t h e  t h e o r e t i c a l  
s t u d i e s  a n d  t h e  o b s e r v a t i o n a l  d a t a ,  o f  w h i c h  t h e r e  i s  n o t  e n o u g h  t o  
s u b s t a n t i a t e  t h e  t h e o r e t i c a l  s t u d i e s .  

T h i s  a l s o  c o n c e r n s  t h e  m o r p h o l o g y  o f  n o c t i l u c e n t  c l o u d s .  Many 
o f  t h e  p h y s i c a l  a n d  c h e m i c a l  p r o c e s s e s  a p p e a r  i n  e x t e r n a l  f o r m ,  
: . e . ,  i n  t h e  s h a p e ,  b r i g h t n e s s ,  a n d  d y n a m i c s  o f  t h e s e  c l o u d s .  T h e r e -  
f o r e ,  t h e  m o r p h o l o g i c a l  s t u d i e s  a r e  i m p o r t a n t  s o u r c e  m a t e r i a l s  f o r  
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s u b s e q u e n t  e x a m i n a t i o n s  of t h e  n a t u r e  o f  t h e  phenomenon  on t h e  
w h o l e .  The m e t h o d s  a n d  means  of  a m o r p h o l o g i c a l  s t u d y  a r e  c o n s t a n t l y  

t a r y  p h o t o g r a p h i c  r e c o r d i n g  o f  t h e  p h e n o m e n o n .  T i m e - l a p s e  p h o t o -  
g r a p h y  h a s  g r e a t l y  e x p a n d e d  t h e  p o s s i b i l i t i e s  o f  r e s e a r c h e r s  [ 2 9 ] .  
Lase r  s o u n d i n g  o f  n o c t i l u c e n t  c l o u d s  i s  b e g i n n i n g  t o  b e  u s e d  C301. 
The A m e r i c a n  a n d  S w e d i s h  e x p e r i m e n t s  w i t h  r o c k e t  s o u n d i n g  o f  n o c t i -  
l u c e n t  c l o u d s  a r e  w e l l  known f o r  t h e i r  i n t e r e s t i n g  r e s u l t s .  We c a n  
now l o o k  f o r w a r d  t o  a u t o m a t i o n  o f  m a s s i v e  m e a s u r e m e n t s  o f  t h e  h e i g h t s  
o f  v a r i o u s  m o r p h o l o g i c a l  f o r m a t i o n s .  The s t e r e o  p h o t o g r a p h y  p r o -  
p o s e d  by  C . I .  V i l l m a n n  E 3 0 1  w i l l  b e  a n  e x c e l l e n t  s o l u t i o n  t o  t h i s  
p r o b l e m .  We w i l l  now e x a m i n e  c e r t a i n  a s p e c t s  o f  m o r p h o l o g i c a l  
s t u d i e s  i n  r e l a t i o n  t o  t h e  c o n t e m p o r a r y  p r o b l e m s  p o s e d  by  n o c t i -  
l u c e n t  c l o u d s .  

/ 8  b e i n g  i m p r o v e d .  V i s u a l  o b s e r v a t i o n s  were  c o n v e r t e d  i n t o  documen- - 

Waves i n  N o c t i l u c e n t  C l o u d s  

The wave p r o c e s s e s  i n  t h e  m e s o s p h e r e  p l a y  a v e r y  i m p o r t a n t  
p a r t  i n  t h e  p h y s i c a l  n a t u r e  o f  n o c t i l u c e n t  c l o u d s .  The a t m o s p h e r i c  
w a v e s  seem t o  b e  b l o c k e d  by  a t h . i n  f i l m  o f  c l o u d s .  The w a v e s  move 
i n  d e f i n i t e  p h a s e s  C 2 9 1 .  

We a r e  a c c u s t o m e d  t o  o b s e r v i n g  w a v e s  i n  w a t e r  f r o m  a b o v e .  
C l o u d s  a r e  o b s e r v e d  f r o m  b e l o w  ( f r o m  t h e  E a r t h ' s  s u r f a c e ) ,  a n d  t h i s  

F i g .  1. P a r t  o f  a F i e l d  o f  N o c t i l u c e n t  C l o u d s  w i t h  111-a a n d  1 1 1 - b  
Wave F o r m a t i o n s .  The P h o t o g r a p h  w a s  R o t a t e d  180°. The B l a c k - a n d -  
W h i t e  Band B l u r s  t h e  P o i n t s  w h e r e  t h e  Wave S u r f a c e  o f  t h e  C l o u d s  

a n d  t h e  V e r t i c a l  P l a n e  I n t e r s e c t .  
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u s u a l l y  p r e v e n t s  d i s t i n g u i s h i n g  wave f o r m a t i o n s  i n  t h e m .  T h e r e f o r e ,  
i t  i s  more  c o n v e n i e n t  f o r  c a l c u l a t i o n s  a n d  a n a l y s e s  t o  r o t a t e  a 
p h o t o g r a p h  o f  n o c t i l u c e n t  c l o u d s  i n  t h e  p l a n e  o f  t h e  i m a g e  by  180°, 
i . e .  t o  t u r n  i t  u p s i d e - d o w n .  N o t h i n g  i s  s u b s t a n t i a l l y  c h a n g e d  by  
t h i s .  The same s i d e  o f  t h e  c l o u d  l a y e r  ( t u r n e d  t o w a r d  t h e  E a r t h ' s  
s u r f a c e )  i s  b e i n g  v i e w e d ,  b u t  t h e  p h y s i o l o g i c a l  c o n d i t i o n s  a r e  more  
a d v a n t a g e o u s  f o r  d i s c o v e r i n g  t h e  d i s t u r b a n c e  i n  t h e  c l o u d  l a y e r .  
T h i s  m e t h o d  g r e a t l y  s i m p l i f i e s  m o r p h o l o g i c a l  c a l c u l a t i o n s  o f  t h e  
p h o t o g r a p h i c  m a t e r i a l s .  The a l t e r e d  p o s i t i o n  o f  t h e  p h o t o g r a p h  i s  
a l s o  a d v a n t a g e o u s  i n  t e r m s  o f  t h e  f a c t  t h a t  t h e  p a r t s  o f  t h e  c l o u d s  
w h i c h  a r e  c l o s e r  t o  t h e  o b s e r v e r  a r e  i n  t h e  l o w e r  p a r t  o f  t h e  p r i n t .  
The o b j e c t s  f u r t h e s t  away a r e  i n  t h e  u p p e r m o s t  s e c t i o n s  o f  t h e  
p h o t o g r a p h .  T h i s  c o r r e s p o n d s  t o  t h e  a p p e a r a n c e  o f  t h e  r e l i e f  o f  
t h e  E a r t h ' s  s u r f a c e  t o  w h i c h  w e  a r e  a c c u s t o m e d .  F i g u r e  1 shows  a n  
e x a m p l e  o f  t h e  wave f i e l d  o f  n o c t i l u c e n t  c l o u d s  w h i c h  h a s  b e e n  
t u r n e d  b y  180° i n  t h e  p l a n e  of t h e  i m a g e .  The b l a c k - a n d - w h i t e  s t r i p  
i n  t h e  p h o t o g r a p h  w a s  p l o t t e d  a c c o r d i n g  t o  t h e  l i n e  o f  i n t e r s e c t i o n  
b e t w e e n  t h e  c l o u d  l a y e r  a n d  t h e  v e r t i c a l  p l a n e .  The s t r i p  m a r k s  
t h e  r e l i e f  o f  t h e  c l o u d  l a y e r  more g r a p h i c a l l y .  We c a n  c l e a r l y  s e e  

F i g .  2 .  Model  of  a T y p i c a l  Wave o f  N o c t i l u c e n t  C l o u d s .  
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t w o  w a v e s  o f  1 1 1 - b  t y p e  a n d  many w a v e s  o f  111-a t y p e . 2  

The wave d e f o r m a t i o n  o f  t h e  c l o u d  l a y e r  b r i n g s  a b o u t  a c h a n g e  /9 
i n  i t s  a p p a r e n t  b r i g h t n e s s .  The p h o t o m e t r i c  c o n t o u r  o f  a c r o s s -  
s e c t i o n  o f  t h e  c l o u d  wave c h a n g e s ,  d e p e n d i n g  o n  t h e  o r i e n t a t i o n  o f  
t h e  wave e l e m e n t s  i n  r e l a t i o n  t o  t h e  o b s e r v e r .  F i g u r e  2 s h o w s  a 
m o d e l  o f  a t y p i c a l  wave i n  n o c t i l u c e n t  c l o u d s .  I n  a n o t h e r  a r t i c l e  
[31], w e  e x a m i n e d  t h e  op t imum e x a m p l e  o f  a n  o b s e r v a t i o n  o f  a l a y e r  
o f  n o c t i l u c e n t  c l o u d s  a t  a n  a n g l e  o f  1 5 O .  Under  a c t u a l  c o n d i t i o n s ,  
t h e r e  a r e  v a r i o u s  a n g l e s  o f  o b s e r v a t i o n  o f  a wave s u r f a c e .  The l i n e  
o f  s i g h t  c a n  t r a v e r s e  o n e  l a y e r  o f  c l o u d s  a t  r i g h t  a n g l e s  o r  l e s s  
t o  i t s  s u r f a c e .  A c h a n g e  i n  t h e  l e n g t h  o f  t h e  p a t h  o f  t h e  l i n e  of 
s i g h t  i n s i d e  t h e  c l o u d s  o b v i o u s l y  c h a n g e s  i t s  a p p a r e n t  b r i g h t n e s s .  
I t  f o l l o w s  f r o m  F i g u r e  2 t h a t  t h e  l i n e  o f  s i g h t  c a n  e v e n  p a s s  t h r e e  
t i m e s  t h r o u g h  a c l o u d  l a y e r  d i s t o r t e d  by  a w a v e .  T h i s  e f f e c t  o f  a n  
o v e r l a p p i . n g  o f  t h r e e  c l o u d  l a y e r s  i s  c l e a r l y  v i s i b l e  i n  F i g u r e  1. 

I t  i s  p a r t i c u l a r l y  d i f f i c u l t  t o  d i s t i n g u i s h  a wave f o r m a t i o n  
whose  f r o n t  i s  p e r p e n d i c u l a r  t o  t h e  l i n e  o f  s i g h t .  The wave i s  
c o n c e a l e d  t o  a g r e a t e r  d e g r e e  if o n e  i n c l i n e d  s u r f a c e  i s  p a r a l l e l  
t o  t h e  l i n e  o f  s i g h t ;  i n  t h i s  c a s e ,  t h e  c h a r a c t e r i s t i c  m a r k i n g s  o f  
a wave s h a p e  d i s a p p e a r .  O u t w a r d l y ,  t h i s  t y p e  o f  wave m o s t  r e s e m b l e s  
a b a n d  ( s t r e a m ) .  F i g u r e  3 s h o w s  a p h o t o m e t r i c  c r o s s  s e c t i o n  o f  
t h i s  wave f r o m  t h e  s t a n d p o i n t  o f  t h e  o b s e r v e r .  The b r i g h t n e s s  o f  
a p a r t  o f  t h e  c l o u d  f i e l d  d e c r e a s e s  r a p i d l y .  I t  s o m e t i m e s  s e e m s  
t h a t  a d a r k  z o n e  w i t h  n o  c l o u d s  i s  i n  t h e  i m m e d i a t e  v i c i n i t y  o f  t h e  

F i g .  3 .  G e o m e t r i c  C o n d i t i o n s  o f  O b s e r v a t i o n s  
a n d  t h e  P h o t o m e t r i c  C o n t o u r  o f  a Wave of N o c t i -  
l u c e n t  C l o u d s  when t h e  L i n e  o f  S i g h t  i s  P a r a l -  
l e l  t o  a L a t e r a l  I n c l i n a t i o n  o f  t h e  Wave. 
( I )  B r i g h t n e s s  o f  t h e  C l o u d  i n  A r b i t r a r y  U n i t s ;  

A n g u l a r  E l e v a t i o n  a b o v e  t h e  H o r i z o n  i f  t h e  
F r o n t  o f  t h e  Wave i s  P a r a l l e l  t o  t h e  H o r i z o n .  

( h )  A r b i t r a r y  D i s t a n c e  C o i n c i d i n g  w i t h  t h e  
Z Y 6 8 13 I2 iV 16 is h 

. .  ~. _. 

2 S i n c e  t h e  m o r p h o l o g i c a l  c l a s s i f i c a t i o n  h a s  become i n t e r n a t i o n a l ,  
we w i l l  u s e  L a t i n  l e t t e r s  ( i n s t e a d  o f  R u s s i a n  o n e s )  f o r  t h e  a b b r e -  
v i a t e d  n o t a t i o n s .  
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b r i g h t  b a n d .  Some r e s e a r c h e r s  h a v e  t h o u g h t  t h a t  t h i s  i s  a s h a d o w  
c a s t  by  a d e n s e r  c l o u d  s e c t i o n .  The s u b s t a n t i a l  d e c r e a s e  i n  b r i g h t -  
n e s s  c a n  b e  e x p l a i n e d  b y  t h e  c h a n g e  i n  t h e  i n c l i n a t i o n  o f  t h e  c l o u d  
l a y e r  r e l a t i v e  t o  t h e  l i n e  o f  s i g h t .  I n  F i g u r e  3 ,  R a y s  4 - 1 2 ,  w h i c h  /lo 
a r e  a l m o s t  p e r p e n d i c u l a r  ( t o  t h e  e l e m e n t  o f  t h e  c l o u d  l a y e r )  p e n e -  
t r a t e  a t h i n n e r  l a y e r  o f  c l o u d s  t h a n  d o  R a y s  1 - 3  a n d  1 5 - 1 8  o f  t h e  
c l o u d  b a c k g r o u n d .  T h e r e f o r e ,  a c h a r a c t e r i s t i c  d a r k  s p a c e  i s  o b -  
s e r v e d  i n  t h e  z o n e  of  R a y s  4 -12  i n  f r o n t  o f  t h e  b r i g h t  b a n d .  T h i s  
c a n  b e  e x p l a i n e d  by  t h e  f a c t  t h a t  t h e  o p t i c a l  d e n s i t y  o f  t h e  c l o u d s  
i s  e x t r e m e l y  l o w .  O n l y  R a y s  1 3 - 1 4 ,  w h i c h  e n t e r  t h e  c l o u d  l a y e r  a t  
a s m a l l  a n g l e ,  t r a v e r s e  a l o n g  p a t h  i n s i d e  t h e  wave e l e m e n t  o f  t h e  
c l o u d s .  The a p p a r e n t  b r i g h t n e s s  i n c r e a s e s  r a p i d l y ,  a n d  s u b s e q u e n t l y  
d e c r e a s e s  r a p i d l y .  A s  a r e s u l t ,  t h e  o b s e r v e r  p e r c e i v e s  a c o n -  
t r a s t i n g ,  s h a r p l y  m a r k e d ,  n a r r o w  a n d  b r i g h t  b a n d .  If a new wave 
d o e s  n o t  f o l l o w  t h i s  " b a n d " ,  t h e n  t h e  a p p a r e n t  b r i g h t n e s s  o f  t h e  
c l o u d  b a c k g r o u n d  d o e s  n o t  d e c r e a s e  t o  t h e  l e v e l  o f  t h e  d a r k  z o n e  i n  
f r o n t  o f  t h e  b r i g h t  " b a n d " .  Such  a p h o t o m e t r i c  c o n t o u r  o f  a wave 
f o r m a t i o n  i s  o f t e n  o b s e r v e d  v i s u a l l y ,  a n d  i s  c l e a r l y  n o t i c e a b l e  i n  
p h o t o g r a p h s .  

If t h e  i n c l i n e d  s i d e  o f  a h i g h  a n d  s h a r p  wave i s  n o t  p a r a l l e l  
t o  t h e  l i n e  o f  s i g h t ,  t h e  r e s u l t  i s  t h e  t y p e  o f  p h o t o m e t r i c  c r o s s  
s e c t i o n  shown i n  F i g u r e  4 .  R a y s  9 - 1 2  p a s s  t h r o u g h  t h e  d i s t o r t e d  
c l o u d  s u r f a c e  t h r e e  t i m e s .  The t o t a l  l e n g t h  o f  t h e  l i n e  o f  s i g h t  
i n  t h e  c l o u d  g r e a t l y  i n c r e a s e s  i n  t h e  r e g i o n  o f  R a y s  7 - 1 4 .  A d e -  
c r e a s e d  b r i g h t n e s s  o f  t h e  c l o u d  f i e l d  i s  o b s e r v e d  i n  t h e  r e g i o n  o f  
Rays  3 - 6 .  I n  a f o r m a l  p h o t o m e t r i c  a n a l y s i s ,  a t w o f o l d  b r i g h t n e s s  
maximum c a n  l e a d  t o  a f a l s e  b e l i e f  i n  t h e  e x i s t e n c e  o f  t w o  w a v e s .  
1 t . i ~  p a r t i c u l a r l y  i m p o r t a n t  t o  k e e p  t h i s  i n  mind  d u r i n g  a n  a u t o -  
m a t i c  a n a l y s i s  o f  t h e  p h o t o g r a p h s  t o  s t u d y  t h e  s p e c t r a l  ( s t a t i s t i c a l )  
d i s t r i b u t i o n  f u n c t i o n s  of  t h e  wave f o r m a t i o n s  i n  n o c t i l u c e n t  c l o u d s .  

The d i v e r s i t y  o f  t h e  v a r i a t i o n s  i n  t h e  l o c a t i o n  o f  d i f f e r e n t  
w a v e s  r e l a t i v e  t o  t h e  o b s e r v e r  p r o d u c e s  t h e  m u l t i p l i c i t y  o f  t h e i r  
p h o t o m e t r i c  c o n t o u r s  i n  n o c t i l u c e n t  c l o u d s .  

The m o r p h o l o g i c a l  p i c t u r e  r a p i d l y  c h a n g e s  a s  a r e s u l t  o f  t h e  /11 
c o n t i n u o u s  movemen t s  o f  t h e s e  wave f o r m a t i o n s .  M o r e o v e r ,  t h e  same - 

F i g .  4 .  G e o m e t r i c  C o n d i t i o n s  o f  
O b s e r v a t i o n s  a n d  t h e  P h o t o m e t r i c  
C o n t o u r  o f  a Wave o f  N o c t i l u c e n t  
C l o u d s  when t h e  L i n e  o f  S i g h t  is 

a t i o n  o f  t h e  Wave. 
2 4' 6 8 IO IZ IY h Not P a r a l l e l  t o  a L a t e r a l  I n c l i n -  
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d e t a i l s  c a n  h a v e  d i f f e r e n t  a p p e a r a n c e s  i n  r e l a t i o n  t o  t h e  d i s t a n c e  
t o  t h e  o b s e r v e r  a n d  i n  r e l a t i o n  t o  t h e  g e o m e t r i c a l  c o n d i t i o n s  for 
t h e i r  i l l u m i n a t i o n  by  t h e  Sun f r o m  b e l o w  t h e  h o r i z o n .  The g e o m e t r i -  
c a l  s t r u c t u r e  o f  a c l o u d  f i e l d  c a n  s o m e t i m e s  c h a n g e  s o  g r e a t l y  i n  
1 0 - 2 0  min  t h a t  n o  t r a c e  r e m a i n s  o f  t h e  p r e v i o u s  f o r m a t i o n s ;  e v e r y -  
t h i n g  h a s  b e e n  r e p l a c e d  b y  new s t r u c t u r a l  f o r m s .  I t  i s  o f t e n  d i f -  
f i c u l t  t o  i d e n t i f y  t h e  same wave c r e s t s  i n  p h o t o g r a p h s  o b t a i n e d  2 
or 3 m i n u t e s  l a t e r ;  t h e  a n a l y s i s  b e c o m e s  i n d e f i n i t e  or s i m p l y  i m -  
p o s s i b l e .  

T h i s  c o m p l i c a t i o n  w a s  o v e r c o m e  by  t h e  m e t h o d  o f  d y n a m i c  p h o t o -  
g r a p h i c  r e c o r d i n g  o f  a p h e n o m e n o n .  S i n c e  1 9 5 3 ,  w e  h a v e  b e e n  u s i n g  
a s p e c i a l  m e t h o d  o f  t i m e - l a p s e  p h o t o g r a p h y  o f  n o c t i l u c e n t  c l o u d s  
[ 3 2 ] .  The d o c u m e n t a r y  p h o t o g r a p h i c  m a t e r i a l s  h a v e  a s y s t e m  o f  p r e -  
c i s e  t i m e  m a r k i n g s  a n d  g e o d e t i c  c o o r d i n a t e s  on e a c h  f r a m e .  T i m e -  
l a p s e  p h o t o g r a p h y  h a s  made i t  p o s s i b l e  t o  s t u d y  t h e  m o r p h o l o g i c a l  
a n d  d y n a m i c  n a t u r e  o f  n o c t i l u c e n t  c l o u d s .  The wave n a t u r e  of  s u c h  
f o r m a t i o n s  w a s  d i s c o v e r e d  by  t h i s  m e t h o d ;  i t  w a s  p r e v i o u s l y  c o n -  
s i d e r e d  t h a t  t h i s  w a s  t h e  p r 0 d u c . t  o f  a c h a n n e l l e d  a t m o s p h e r i c  
c u r r e n t .  A c o m b i n e d  a n a l y s i s  o f  t h e  p h o t o g r a p h i c  m a t e r i a l s  a n d  a 
s e r i e s  o f  l a r g e - s c a l e  p h o t o g r a p h s  h a s  g r e a t l y  s i m p l i f i e d  i n t e r p r e -  
t a t i o n  o f  t h e  d y n a m i c  r e g i m e  o f  v a r i o u s  m o r p h o l o g i c a l  f o r m a t i o n s ;  
t h i s  a i d s  i n  a c o r r e c t  u n d e r s t a n d i n g  o f  t h e  l o c a l  c h a n g e s  i n  t h e  
b r i g h t n e s s  o f  t h e  c l o u d s .  I n  a n a l y z i n g  p h o t o m e t r i c a l  m e a s u r e m e n t s ,  
i t  i s  n e c e s s a r y  t o  d i s t i n g u i s h  a r e a l  t h i c k e n i n g  o f  a c l o u d  mass 
p e r  u n i t  v o l u m e  f r o m  a n  a p p a r e n t  t h i c k e n i n g ,  w h i c h  i s  t h e  r e s u l t  o f  
a s u p e r p o s i t i o n  o f  s e v e r a l  c l o u d  l a y e r s  a l o n g  t h e  l i n e  o f  s i g h t .  

F i g u r e  5 g i v e s  a n  e x a m p l e  o f  a wave f i e l d  o f  n o c t i l u c e n t  c l o u d s  
o b s e r v e d  a t  Z v e n i g o r o d  o n  J u l y  2 0 - 2 1 ,  1 9 5 4 ,  a t  0 0 5 7  l o c a l  t i m e .  
The l o c a t i o n  o f  t w o  t y p e s  o f  w a v e s  ( 1 1 1 - a  a n d  1 1 1 - b )  w a s  d e t e r m i n e d  
a c c o r d i n g  t o  t h e  p h o t o g r a p h s  a n d  g i v e n  i n  a p r o j e c t i o n  on t h e  E a r t h ' s  
s u r f a c e  w i t h i n  t h e  l i m i t s  o f  t h e  p l a n e  for t h e  f i g u r e .  The a v e r a g e  
l e n g t h  o f  t h e  111-a wave w a s  e q u a l  t o  8 - 1 0  km. The r a t e  o f  t h e  
movement from NNE t o  SSW a v e r a g e d  5 0  m / s e c .  The o t h e r  g r o u p  o f  
w a v e s  ( 1 1 1 - b )  h a d  a l e n g t h  o f  20 -30  km a n d  moved f r o m  S E  t o  NW a t  
a n  a v e r a g e  v e l o c i t y  o f  3 0  m / s e c .  A s  we c a n  s e e  f r o m  F i g u r e  5 ,  
t h e r e  a r e  d e v i a t i o n s  i n  t h e  a v e r a g e  w a v e l e n g t h  v a l u e s  by  2 0 % .  
The r a t e s  o f  t h e  wave movement show t h e  same d i v e r g e n c e  f r o m  t h e  
a v e r a g e  v a l u e s .  The d i r e c t i o n s  o f  t h e  movemen t s  w i t h i n  t h i s  f i e l d  
d e v i a t e  f r o m  t h e  a v e r a g e  by  * loo. F i g u r e  5 s h o w s  a t y p i c a l  e x a m p l e  
o f  a s u p e r p o s i t i o n  o f  t w o  wave s y s t e m s  o v e r  o n e  l a y e r  o f  n o c t i l u c e n t  
c l o u d s .  T h e s e  w a v e s  w e r e  o b s e r v e d  f o r  3 h o u r s .  T h e i r  m u t u a l  
p o s i t i o n  a n d  d i r e c t i o n  o f  movement r e m a i n e d  c o n s t a n t ,  a s  a r u l e .  
The w a v e l e n g t h  a n d  t h e  r a t e  o f  movement  o f  t h e  w a v e s  c h a n g e d  w i t h  
t i m e  f o r  e a c h  g r o u p .  I t  i s  i n t e r e s t i n g  t h a t  t h e  111-a a n d  1 1 1 - b  

a v e r a g e  r a t e  o f  movement ( 1 5 - 2 0  m / s e c )  d u r i n g  t h e  i n i t i a l  p e r i o d  
( 2 3 . 4 0 ) .  D u r i n g  t h e  i n i t i a l  p e r i o d ,  t h e  n o c t i l u c e n t  c l o u d s  h a d  a 
s m a l l ,  l o c a l i z e d  a r e a  o f  d i s p e r s i o n  a n d  a p o o r l y  d e v e l o p e d  s t r u c -  
t u r e  w h i c h  w a s  m a i n l y  v e i l e d .  S u b s e q u e n t l y ,  wave s h a p e s  p r e d o m i -  
n a t e d ;  t h e  b r i g h t n e s s  a n d  t h e  a r e a  of t h e  c l o u d s  i n c r e a s e d  

w a v e s  a t  t h i s  s i t e  h a d  a r o u g h l y  i d e n t i c a l  l e n g t h  ( 7 - 8  km) a n d  /12 
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s u b s t a n t i a l l y .  Wi th  t h e  a p p r o a c h  of  m o r n i n g ,  t h e  c l o u d s  d i d  n o t  
d i s i n t e g r a t e ,  b u t  g r a d u a l l y  l o s t  t h e i r  c o n t r a s t  a s  t h e  b r i g h t n e s s  
o f  t h e  s u n r i s e  b a c k g r o u n d  i n c r e a s e d .  Can t h e y  e x i s t  d u r i n g  a n  
e n t i r e  d a y ?  The a p p e a r a n c e  o f  a l r e a d y  w e l l - d e v e l o p e d  n o c t i l u c e n t  
c l o u d s  d u r i n g  t h e  e a r l y  e v e n i n g  [ 3 3 1  s e e m s  t o  i n d i c a t e  t h a t  t h e y  

c o m p l e t e  s o l u t i o n  t o  t h i s  i m p o r t a n t  p r o b l e m  o f  t h e  p h y s i c s  o f  c l o u d  
f o r m a t i o n s  i n  t h e  m e s o s p h e r e  c a n  b e  r e a l i z e d  o n l y  by o b s e r v i n g  t h e m  
d u r i n g  t h e  d a y  (for e x a m p l e ,  o n  b o a r d  a h i g h - a l t i t u d e  a i r c r a f t ,  
when t h e r e  i s  n o  i n t e r f e r e n c e  f r o m  t h e  b l u e  b a c k g r o u n d  o f  t h e  d a y -  
t i m e  s k y ) .  

/ 1 3  h a d  b e e n  f o r m i n g  for a l o n g  t i m e  b e f o r e  t w i l i g h t .  However ,  a - 

The p r e d o m i n a n c e  o f  wave p r o c e s s e s  i s  a c h a r a c t e r i s t i c  f e a t u r e  
of  n o c t i l u c e n t  c l o u d s .  M o r p h o l o g i c a l  s t u d i e s  h a v e  shown t h a t  t h e r e  
i s  a b r o a d  s p e c t r u m  o f  wave f o r m a t i o n s  i n  t h e m  [ 3 4 ] .  C l a s s i f i c a t i o n s  
h a v e  d i s t i n g u i s h e d  t h r e e  t y p e s  o f  w a v e s :  Type 111-a i n c l u d e s  t h e  
s h o r t e s t  w a v e s  ( f r o m  2 -3  t o  1 0 - 1 5  k m ) .  T h e i r  a m p l i t u d e  i s  w i t h i n  

F i g .  5 .  P r o j e c t i o n  o f  a P a r t  o f  a Wave F i e l d  i n  N o c t i l u c e n t  C l o u d s  
O b s e r v e d  on J u l y  2 0 - 2 1 ,  1 9 5 4  on t h e  E a r t h ’ s  S u r f a c e  ( N e g a t i v e ) .  
W i t h i n  t h e  L i m i t s  o f  T h i s  P r o j e c t i o n ,  t h e  E a r t h ’ s  S u r f a c e  i s  a 
P l a n e .  The V e r t i c a l  A x i s  Shows t h e  D i r e c t i o n  t o w a r d  t h e  N o r t h  a n d  
t h e  D i s t a n c e  f r o m  t h e  O b s e r v a t i o n  S i t e  i n  K i l o m e t e r s .  The H o r i z o n t a l  
A x i s  Shows t h e  V a l u e  of  D i g r e s s i o n  t o  t h e  R i g h t  a n d  t h e  L e f t  f r o m  
t h e  A x i s  o f  t h e  D i s t a n c e  i n  K i l o m e t e r s .  
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t h e  l i m i t s  o f  2-5 km. They  c a n  b e  d i s t i n g u i s h e d  b y  t h e i r  p a r t i c u l a r  
m o b i l i t y .  The p r o p a g a t i o n  r a t e  o f  t h e s e  w a v e s  v a r i e s  f r o m  1 0 - 2 0  t o  
50 -70  m/sec .  Type 1 1 1 - b  i n c l u d e s  t h e  w a v e s  w i t h  l e n g t h s  f r o m  1 5  t o  
3 0 - 5 0  km. The p r o p a g a t i o n  r a t e  o f  t h e  f r o n t s  o f  s u c h  w a v e s  c a n  b e  
a s s u m e d  t o  b e  1 0  t o  1 0 0  m/sec.  

The 111-a a n d  1 1 1 - b  w a v e s ,  o b v i o u s l y ,  h a v e  a s i m i l a r  n a t u r e .  
They  a r e  o f t e n  p r e s e n t  s i m u l t a n e o u s l y  i n  o n e  l a y e r  o f  c l o u d s ,  i n t e r -  
w e a v i n g  a n d  f o r m i n g  a s o - c a l l e d  l a t t i c e .  D e p e n d i n g  o n  t h e i r  d i s -  
t a n c e ,  i t  i s  s o m e t i m e s  v e r y  e a s y  t o  c o n f u s e  t h e m .  U s u a l l y ,  t h e  
l a r g e r  1 1 1 - b  w a v e s  h a v e  w a v e s  o f  111-a t y p e  i n  e l e m e n t s  o f  t h e i r  
s u r i a c e .  

The p e r i o d  o f  o s c i l l a t i o n  o f  t h e s e  w a v e s  i s  s h o r t .  I t  i s  
m e a s u r e d  a s  s e v e r a l  m i n u t e s  f o r  111-a t y p e ,  a n d  a s  1 0 - 2 0  min for 
1 1 1 - b  t y p e .  The r i s i n g  a n d  f a l l i n g  m o v e m e n t s  o f  i n d i v i d u a l  s e g m e n t s  
o f  a wave s u r f a c e  a r e  d e t e r m i n e d  by  t h e  a m p l i t u d e  a n d  p e r i o d  o f  
t h e  w a v e .  F i g u r e  6 s h o w s  a c h a n g e  i n  t h e  h e i g h t  o f  c e r t a i n  s e g -  
m e n t s  o f  a wave s u r f a c e - w i t h  111-a a n d  1 1 1 - b  w a v e s  as  a f u n c t i o n  o f  
t i m e ;  t h e  m e a s u r e m e n t s  w e r e  made b y  M . A .  D i r i k i s ,  S . V .  Y e v d o k i m e n k o ,  
a n d  Yu. L .  F r a n t s m a n  c 3 5 1 .  T h e s e  a u t h o r s  d i d  n o t  p r e s e n t  p h o t o -  
g r a p h s  w h i c h  s h o w e d  c o n c r e t e  p o i n t s  i n  t h e  s e g m e n t  of n o c t i l u c e n t  
c l o u d s  t h e y  were  m e a s u r i n g ,  b u t  o n l y  r e l a t e d  t h e  t y p e s  o f  w a v e s  
m e a s u r e d .  We c a n  s e e  f r o m  F i g u r e  6 t h a t  some o f  t h e  p o i n t s  t e n d  
t o  move u p w a r d ,  w h i l e  o t h e r s  t e n d  t o  move m o r e  or l e s s  a b r u p t l y  
downward .  The v e r t i c a l  a n d  h o r i z o n t a l  v e l o c i t y  c o m p o n e n t s  f o r  
t h e s e  p o i n t s  a r e  g i v e n  i n  T a b l e  2 .  The r e s u l t i n g  v e l o c i t y  v e c t o r  
c o r r e s p o n d s  t o  t h e  a n g l e  o f  i n c l i n a t i o n  o f  t h e  c l o u d  s u r f a c e  a l o n g  
w h i c h  t h e  v i s i b l e  s h i f t  o f  t h e  m e a s u r e d  p o i n t  o c c u r r e d .  T h i s  a n g l e ,  
o b v i o u s l y ,  i s  t h e  l o c a l  s l o p e  o f  t h e  wave s u r f a c e ,  The a u t h o r s  
d i d  n o t  d e s c r i b e  t h e i r  m e t h o d s  f o r  s e l e c t i n g  t h e  p o i n t s  f o r  w h i c h  
t h e  h e i g h t s  were m e a s u r e d .  A p p a r e n t l y ,  t h e y  s e l e c t e d  t h e  m o s t  
n o t i c e a b l e  s e g m e n t s  of  t h e  c l o u d  w h i c h  p r e s e r v e d  t h e i r  m a r k i n g s  
a n d  were i d e n t i f i a b l e  i n  s e v e r a l  s u b s e q u e n t  p h o t o g r a p h s .  D u r i n g  
t h e  p r o c e s s  o f  n a t u r a l  wave m o v e m e n t ,  or d u r i n g  t h e  p r o c e s s  o f  
b e i n g  c a r r i e d  away w i t h  t h e  s u p p o r t i n g  wave s u r f a c e ,  t h e s e  s e g m e n t s  
c h a n g e  t h e i r  m a r k i n g s  a n d  b r i g h t n e s s .  A t  a c e r t a i n  moment ,  t h e y  /14 
d i s a p p e a r  f r o m  v i e w  b e c a u s e  o f  t h e  r e a s o n s  m e n t i o n e d  e a r l i e r  ( s e e  
F i g .  1 - 4 ) .  T h u s ,  f o r  a number  o f  m e t h o d o l o g i c a l  a n d  p h y s i c a l  
r e a s o n s ,  i t  i s  i m p o s s i b l e  to c o n d u c t  d i r e c t  m e a s u r e m e n t s  o f  a n  e n -  
t i r e  c y c l e  o f  a wave movement  b y  t h e  r e g u l a r  m e t h o d s .  T h e r e f o r e ,  
o n l y  c e r t a i n  p a r t s  o f  t h e  p h a s e s  o f  t h e  wave m o v e m e n t s  of n o c t i -  
l u c e n t  c l o u d s  a r e  g i v e n  i n  t h i s  e x a m p l e .  

M o r e o v e r ,  when t i m e - l a p s e  p h o t o g r a p h y  i s  n o t  u s e d ,  i t  i s  v e r y  
d i f f i c u l t  t o  " f i l t e r  o u t "  t h e  i n t e r w e a v i n g  wave o s c i l l a t i o n s  i n  
v a r i o u s  d i r e c t i o n s .  A S  a r e s u l t ,  i t  i s  t h e  t o t a l  v e l o c i t y  o f  com- 
b i n e d  p o i n t s  f o r  t w o  or more w a v e s  w i t h  d i f f e r e n t  d i r e c t i o n s ,  a n d  
n o t  t h e  p h a s e  v e l o c i t y  o f  o n e  w a v e ,  w h i c h  i s  b e i n g  m e a s u r e d .  The 
r e s u l t a n t  v e l o c i t y  v e c t o r ,  o b v i o u s l y ,  c a n  b e  b o t h  g r e a t e r  a n d  l e s s  
t h a n  t h e  v e c t o r  c o m p o n e n t s .  T h e r e f o r e ,  t h e  m e a s u r e m e n t s  i n  [ 3 5 ]  
show t h e  m a g n i t u d e  ( s e e  F i g .  6 )  a n d  t h e  v e l o c i t y  ( s e e  T a b l e  2 )  o f  
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a p h a s e  o s c i l l a t i o n  o f  p a r t  o f  t h e  c l o u d  l a y e r  o n l y  a t  c o m b i n e d  
p o i n t s .  W e  c a n  o b t a i n  a r e p r e s e n t a t i o n  o f  p a r t  of t h e  t o t a l  a m p l i -  
t u d e  o f  t h e  wave o s c i l l a t i o n s  f r o m  t h e s e  d a t a .  The a n g l e s  o f  i n -  
c l i n a t i o n  o f  t h e  c l o u d  s u r f a c e  a l o n g  w h i c h  t h e  m e a s u r e d  p o i n t s  
moved a r e  a l s o  g i v e n  i n  T a b l e  2 .  I n  t h e  c o l u m n s  l a b e l e d  " v e r t i c a l  
v e l o c i t y "  a n d  " a n g l e  o f  i n c l i n a t i o n " ,  t h e  p l u s  s i g n  means a r i s i n g  
movement  a n d  t h e  m i n u s  s i g n  means  a f a l l i n g  movemen t .  P o i n t s  1 - 4  
r e f e r  t o  s m a l l  w a v e s  o f  111-a t y p e  C351. One o f  t h e s e  moved down- 
w a r d ,  a n d  t h e  o t h e r  t h r e e  moved u p w a r d .  The t o t a l  r a n g e  o f  h e i g h t s  
t o  w h i c h  t h e y  moved i s  b e t w e e n  8 0 . 5  a n d  8 7 . 5  km ( s e e  F i g .  6 ) .  The 

r a n g e .  T h i s  means  t h a t  t h e s e  w a v e s  w e r e  on  t h e  s u r f a c e  o f  w a v e s  o f  
1 1 1 - b  t y p e  a n d  t h a t  i n  a d d i t i o n  t o  t h e i r  i n h e r e n t  o s c i l l a t i o n ,  t h e y  
t o o k  p a r t  i n  t h e  movement  o f  t h e  wave s u p p o r t i n g  t h e m .  Some 1 1 1 - b  
w a v e s  were a l s o  m e a s u r e d ,  a n d  p a r t s  of t h e i r  t r a j e c t o r i e s  a r e  shown 
i n  F i g u r e  6 .  P o i n t s  5 -12  b e l o n g  t o  o n e  b r i g h t  b a n d  w h i c h  a p p e a r e d  
a s  t h e  m o s t  n o t i c e a b l e  wave o f  1 1 1 - b  t y p e .  The p o i n t s  moved w i t h i n  
a r a n g e  o f  h e i g h t s  o f  8 0 - 8 4  km, b u t  w e  c a n  n e v e r  c o n s i d e r  t h a t  t h e  
v e r t i c a l  o s c i l l a t i o n s  o f  t h e  m e a s u r e d  1 1 1 - b  wave w e r e  l i m i t e d  t o  
t h e s e  h e i g h t s .  O b v i o u s l y ,  o n l y  t h e  v i s i b l e  p a r t  o f  t h e  wave s u r f a c e  
i s  b e i n g  m e a s u r e d  h e r e .  The o t h e r  p a r t s  o f  t h e  wave w e r e  e i t h e r  
c o n c e a l e d  o r  t o o  t r a n s p a r e n t ,  a n d  w e r e  n o t  i d e n t i f i e d .  W i t h o u t  a 
s i m u l t a n e o u s  a n a l y s i s  w i t h  t i m e - l a p s e  p h o t o g r a p h y ,  t h e  r e s e a r c h e r s  
a r e  f o r c e d  ( b y  n e c e s s i t y )  t o  make i n c o m p l e t e  m e a s u r e m e n t s .  I t  i s  
p r o b a b l e  t h a t  o n l y  o n e  e n d  o f  t h e  1 1 1 - b  w a s  i n  a c o n v e n i e n t  p o s i t i o n  
( i n  r e l a t i o n  t o  t h e  o b s e r v e r ) ,  a n d  t h a t  t h e  m e a s u r e m e n t s  ( P o i n t s  
1 3  a n d  1 4 )  showed a b r o a d e r  r a n g e  o f  h e i g h t s ,  i . e . ,  f r o m  8 1 . 1  t o  
8 6 . 2  km. A t  t h e  moment w h e n ' t h e  m e a s u r e m e n t s  w e r e  b e g u n ,  P o i n t  1 3  
was r i s i n g ,  b u t  i t  b e g a n  t o  d r o p  a f t e r  2 m i n ;  a f t e r  3 m i n ,  i t  h a d  

/ 1 5  a m p l i t u d e  o f  t h e  111-a w a v e s  i s  u s u a l l y  t w o  t i m e s  l e s s  t h a n  t h a t  - 

d r o p p e d  t o  e 8 1  km. I t  i s  p o s -  / 1 6  
s i b l e  t h a t  t h i s  p o i n t  d e s c r i b e d  
t h e  c r e s t  o f  t h e  1 1 1 - b  w a v e ,  i f  
t h e  m e a s u r e m e n t s  w e r e  r e l a t e d  t o  
t h e  same s e g m e n t  o f  t h e  wave 
s u r f a c e .  P o i n t  1 4  moved down- 
ward  a t  a v e r y  h i g h  v e l o c i t y  
( 2 8  m / s e c >  f o r  3 m i n ;  d u r i n g  
t h i s  t i m e ,  i t  d r o p p e d  a l m o s t  t o  
6 km. T h i s  i s  c l o s e  t o  t h e  e n -  
t i r e  a m p l i t u d e  of  t h e  p h a s e  o s -  
c i l l a t i o n  f o r  a wave o f  1 1 1 - b  
t y p e .  The a u t h o r s  o f  t h e  m e a s u r e -  
m e n t s  i n  C35J c o n s i d e r e d  t h a t  
t h e  e r r o r  i n  d e t e r m i n i n g  t h e  
v e l o c i t y  d i d  n o t  e x c e e d  * 1 km, 

- 

0 2 5 m i n ,  
. J a n d  t h a t  t h o s e  i n  d e t e r m i n i n g  t h e  

However ,  t h e s e  v a l u e s  o f  t h e  
57.75 S8,ZS 9" v e l o c i t y  d i d  n o t  e x c e e d  * 1 0  m/sec.  

h e i g h t s  c a n n o t  d e t e r m i n e  t h e  

s u r f a c e  c o u l d  be c o n c e a l e d  f r o m  

= 57.6 

F i g .  6 .  H e i g h t s  o f  I n d i v i d u a l  
P o i n t s  i n  N o c t i l u c e n t  C l o u d s  Ob- e n t i r e  a m p l i t u d e  o f  t h e  w a v e ,  
s e r v e d  i n  L a t v i a  on  t h e  N i g h t  of s i n c e  c e r t a i n  e l e m e n t s  o f  i t s  
J u n e  3 0  - J u l y  1, 1 9 6 1 .  
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N o .  ( i n  
s e q u e n c e  ) 

1 
2 
3 
4 
5 
G 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

TABLE 2 

N o .  P a i r  H o r i z .  V e -  V e r t .  V e -  A n g l e  o f  I n c l i -  
E P o i n t  1 l o c i t y ,  m/sec 1 l o c i t y ,  mbec 1 n a t i o n ,  d e g r e e s  . .. 

1-11 1 
2 
3 
4 
5 
G 
7 
8 
9 

10 
11 
13 

11-111 G 
7 
8 
9 

10 
11 
12 
13 
14 

72 
59 
32 
31 
70 
G6 
62 
G2 
G5 
85 
GG 
92 
73 
70 
55 
69 
GO 
GO 
58 

110 
44 

-17 
+28 
-til 
f-17 
+18 
- 1  
+I 
+ 5  
+ G  
+24 
- 4  
+I5  
+ 8  
- 5  
- 1  
- 4  
- 9  
- 9  
- 2  
-20 
-28 

-13,5 
+25,5 
+19,0 
+29,0 
+14,5 
- l , o  + l , o  + 4,5 + 5,O 
+1G,O 
- 3,5 
-I- 9,5 + G,O 
- 4,o 
- I,? 
- 3,5 
- 8,5 
- 8,5 
- 2,o 
-10,5 
-32,5 

t h e  o b s e r v e r ;  m o r e o v e r ,  m e a s u r e s  e v i d e n t l y  w e r e  n o t  t a k e n  t o  e n s u r e  
c o m p l e t e  m e a s u r e m e n t  o f  t h e  e n t i r e  wave c o n t o u r .  T h u s ,  t h e s e  e x -  
t r e m e l y  i n t e r e s t i n g  f a c t u a l  m a t e r i a l s  s t i l l  d o  n o t  a n s w e r  c e r t a i n  
i m p o r t a n t  q u e s t i o n s .  Among t h e s e  q u e s t i o n s  i s  t h e  p a r t i c u l a r l y  
i m p o r t a n t  o n e  c o n c e r n i n g  t h e  e n t i r e  r a n g e  o f  h e i g h t s  o c c u p i e d  .by 
t h e  p h a s e  o s c i l l a t i o n s  o f  t h e  c l o u d  l a y e r .  We a l s o  c a n n o t  a g r e e  
w i t h  t h e  a u t h o r s  i n  r e g a r d  t o  t h e i r  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  
o f  t h e  m e a s u r e m e n t s  as  d a t a  w h i c h  s u p p o s e d l y  c o n f i r m e d  t h e  phenomenon  
o f  " s t r o n g  t u r b u l e n t  movemen t s  i n  t h e  m e s o p a u s e " .  The a u t h o r s  
t h e m s e l v e s  m a i n t a i n e d  [ 3 5 ]  t h a t  t h e y  m e a s u r e d  t h e  m o r p h o l o g i c a l  
f o r m a t i o n s  o f  111-a a n d  1 1 1 - b  w a v e s .  I f  t h i s  i s  s o ,  t h e n  a p a r t i a l  
c h a r a c t e r i s t i c  o f  a n  o r d e r e d  wave movement  o f  a l a y e r  o f  n o c t i l u c e n t  
c l o u d s  o f  t h e  111-a a n d  1 1 1 - b  t y p e s  i s  g i v e n  i n  [ 3 5 ] .  T h i s  p r o c e s s  
c a n n o t  b e  r e l a t e d  t o  t h e  phenomena  o f  t u r b u l e n c e .  N a t u r a l l y ,  t h e r e  
a r e  t u r b u l e n t  movemen t s  i n  t h e  m e s o p a u s e ,  b u t  t h e i r  e x t e r n a l  a p -  
p e a r a n c e  i n  a m o r p h o l o g i c a l  s t r u c t u r e  i s  i n d i c a t e d  o n l y  b y  t h e  
b l u r r e d  a p p e a r a n c e  o f  t h e  c o n t o u r s  o f  t h e  c l o u d  s h a p e s .  The c o n -  
v e c t i v e  movemen t s  h a v e  t h e i r  c h a r a c t e r i s t i c  m a r k i n g s ,  a n d  d o  n o t  
d i f f e r  s u b s t a n t i a l l y  f r o m  wave f o r m a t i o n s .  

The r e s u l t s  o f  m e a s u r e m e n t s  o f  t h e  h e i g h t s  o f  i n d i v i d u a l  p o i n t s  
i n  t h e  f i e l d  o f  n o c t i l u c e n t  c l o u d s  o b s e r v e d  on t h e  m o r n i n g  o f  A u g u s t  
2 ,  1 9 6 4  a r e  g i v e n  i n  a work by  M . I .  B u r o v  C361. O f  t h e  n i n e  p a i r s  
o f  p h o t o g r a p h s  m e a s u r e d ,  o n e  p a i r  i s  p r e s e n t e d  i n  t h e  a r t i c l e .  The 
m e a s u r e d  p o i n t s  a r e  n o t  m a r k e d  i n  t h e  p h o t o g r a p h s ,  a n d  t h e r e  a r e  
n o  i n d i c a t i o n s  i n  t h e  t e x t  o f  t h e  t y p e s  o f  m o r p h o l o g i c a l  f o r m s  for 
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w h i c h  t h e  h e i g h t s  w e r e  m e a s u r e d .  J u d g i n g  b y  t h e  p h o t o g r a p h s ,  wave 
f o r m s  o f  1 1 1 - b  t y p e  p r e d o m i n a t e d  i n  t h e  m e a s u r e d  n o c t i l u c e n t  c l o u d s ;  
i t  i s  p o s s i b l e  t h a t  t h e r e  w e r e  a l s o  e x a m p l e s  o f  t h e  111-c t y p e ,  
The f r o n t  o f  t h e  1 1 1 - b  w a v e s  i s  a l m o s t  p r e c i s e l y  p e r p e n d i c u l a r  t o  
t h e  l i n e  o f  s i g h t  f r o m  t h e  p o i n t  o f  o b s e r v a t i o n .  The m e a s u r e d  
h e i g h t s  a r e  w i t h i n  t h e  r a n g e  f r o m  7 3 . 4  t o  9 4  km ( F i g .  7 ) .  The m a x i -  
mum d e n s i t y  o f  t h e  p o i n t s  i s  w i t h i n  t h e  h e i g h t  r a n g e  o f  78 -90  k m .  
O b v i o u s l y ,  t h e  n o c t i l u c e n t  c l o u d s  d i d  n o t  o c c u p y  t h i s  e n t i r e  2 0 -  
k i l o m e t e r  l a y e r  o f  s o l i d  m a s s .  J u d g i n g  by  t h e  p h o t o g r a p h s  i n  C361,  
t h e  r e a l  t h i c k n e s s  o f  t h e  c l o u d  l a y e r  c o u l d  b e  w i t h i n  t h e  l i m i t s  o f  
1 - 2  km. Thus  t h e  s c a t t e r  o f  t h e  m e a s u r e d  p o i n t s  by h e i g h t s  i s  d u e  
t o  t h e  wave c u r v a t u r e  o f  t h e  c l o u d  l a y e r .  I n  t h i s  c a s e ,  i t  w a s  n o t  
t h e  e n t i r e  wave s u r f a c e  ( f r o m  t h e  p e a k  t o  t h e  b o t t o m )  w h i c h  w a s  
b e i n g  m e a s u r e d ,  b u t  some unknown ( t o  u s )  p a r t  o f  i t .  T a b l e  3 g i v e s  
t h e  h o r i z o n t a l  a n d  v e r t i c a l  v e l o c i t i e s  o f  c e r t a i n  p o i n t s  shown i n  
F i g u r e  7 ,  a s  w e l l  a s  t h e  a n g l e s  o f  i n c l i n a t i o n  o f  t h e  c l o u d  s u r f a c e  /17 
a l o n g  w h i c h  t h e s e  p o i n t s  moved .  I n  a l l  p r o b a b i l i t y ,  t h e s e  v e l o c -  
i t i e s  a r e  t h o s e  f o r  t h e  b r i g h t e s t  c o m b i n e d  p o i n t s  o f  d i f f e r e n t  t y p e s  
o f  wave o s c i l l a t i o n s  ( a s  i n  C 3 5 1 ) .  

The t e m p e r a t u r e  c o n d i t i o n s  f o r  c l o u d  f o r m a t i o n  i n  t h e  meso-  
s p h e r e  a r e  e x a m i n e d  a c c o r d i n g  t o  t h e  f a c t u a l  o b s e r v a t i o n a l  d a t a .  
The wave p r o c e s s e s  p e r i o d i c a l l y  r a i s e  a n d  l o w e r  a c e r t a i n  s e c t i o n  
o f  t h e  l a y e r  o f  n o c t i l u c e n t  c l o u d s .  A c c o r d i n g  t o  t h e  m e a s u r e m e n t s  
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F i g .  7 .  H e i g h t s  o f  I n d i v i d u a l  
P o i n t s  i n  N o c t i l u c e n t  C l o u d s  
O b s e r v e d  i n  E s t o n i a  o n  A u g u s t  
1 - 2 ,  1 9 6 4 .  

i n  C351,  t h e  111-a a n d  1 1 1 - b  
w a v e s  h a d  t o t a l  v e r t i c a l  o s c i l -  
l a t i o n s  w i t h i n  a h e i g h t  r a n g e  
o f  80 -87  km or ( i f  we a d d  t h e  
s e c t i o n s  o f  t h e  w a v e s  w h i c h  
w e r e  n o t  m e a s u r e d )  a r a n g e  o f  
7 8 - 9 0  k m  a c c o r d i n g  t o  [ 3 6 ] .  
A c c o r d i n g  t o  t h e  d a t a  f o r  a 
s t a n d a r d  a t m o s p h e r e  ( A l l - U n i o n  
S t a t e  S t a n d a r d  4 4 0 1 - 6 4 ) ,  t h e  
c u r v e  f o r  t h e  t e m p e r a t u r e  a t  
t h e s e  a l t i t u d e s  i s  a l m o s t  i s o -  
t h e r m a l :  a t  H = 78 k m ,  T = 
191 .8O K ;  a t  H = 80-90  k m ,  
T = 185O K. The r e a l  t e m p e r a -  
t u r e s  i n  t h e  m e s o p a u s e  a t  t h e  
moment a n d  s i t e  o f  t h e  a p p e a r -  
a n c e  o f  n o c t i l u c e n t  c l o u d s  
r e a c h e d  1 3 0 °  K d u r i n g  t h e  meas -  
u r e m e n t s  o f  t h e  A m e r i c a n - S w e d i s h  
e x p e r i m e n t s  i n  1 9 6 2 ;  t h i s  v a l u e  
i s  55O K l e s s  t h a n  t h e  s t a n d a r d  / 1 8  
v a l u e s  f o r  a l a y e r  a t  8 0 - 9 0  k m .  
T h i s  means  t h a t  t h e  m e s o p a u s e  
h a d  v e r y  l o w  t e m p e r a t u r e s  d u r i n g  
t h e s e  c l o u d  f o r m a t i o n s .  By 
a n a l o g y  w i t h  t h e  s t a n d a r d  a t -  
m o s p h e r e ,  w e  c a n  f i n d  t h a t  t h e  
v e r t i c a l  l e n g t h  o f  a p a r t i c u l a r l y  

- 
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TABLE 3 

N o .  ( i n  
sequence)  

No. V e l o c i t y  

V e r t i c a l ,  
m/sec 

H o r i z o n t a l ,  
m/sec  

P o i n t  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

12-11 
11-12 
11-13 
11-14 
11-15 
14-15 
14-16 
14-17 
14-18 
i 4 - I 9  

29 
35 
18 
59 
26 
41 
93 

122 
95 
35 

+ 9  
+10 
+ 2  
-10 
-13 
- 6  

0 
+10 
-11 
+ I 2  

A n g l e  o f  
I n c l i n a t i o n ,  d e g r e e s  

+ I7  
$.I5 
-k 5,5 
- 9,5 
- X , 5  
- 8,5 

0 
4- 4,5 
- G,5 
f - 1 9  

c o o l  l a y e r  i s  a b o u t  1 0  km. T h u s ,  w e  c a n  a s s u m e  t h a t  t h e  wave o s c i l -  
l a t i o n s  i n  a c l o u d  l a y e r  w i t h  111-a a n d  1 1 1 - b  w a v e s  o c c u r  i n  a r a n g e  
of  h e i g h t s  w h i c h  h a v e  a l o w  t e m p e r a t u r e  g r a d i e n t .  T h i s  c i r c u m -  
s t a n c e  c a n  e x p l a i n  t h e  l a c k  o f  s u b s t a n t i a l  c h a n g e s  i n  t h e  r e a l  
d e n s i t y  a n d  t h i c k n e s s  o f  a c l o u d  l a y e r  i n  v a r i o u s  s e c t i o n s  o f  a 
wave s u r f a c e  w h i c h  c o n t a i n s  111-a a n d  1 1 1 - b  t y p e s .  T h e s e  w a v e s  a r e  
i n t e r n a l  g r a v i t a t i o n a l  f o r m a t i o n s ,  t h e  t h e o r y  o f  w h i c h  i s  o n l y  b e -  
g i n n i n g  t o  b e  d e v e l o p e d  C371. 

The e x t r e m e l y  l o n g  w a v e s  o f  111-c t y p e  p l a y  a n  i m p o r t a n t  p a r t  
i n  t h e  a c t i v i t y  o f  n o c t i l u c e n t  c l o u d s .  T h e i r  l e n g t h  v a r i e s  f r o m  
5 0  t o  200-300  k m ,  a n d  p e r h a p s  m o r e .  We h a v e  o b s e r v e d  s u c h  w a v e s  
many t i m e s ,  [ 3 8 ]  a n d  h a v e  r e c o r d e d  t h e m  b y  n o r m a l  p h o t o g r a p h y  a n d  
t i m e - l a p s e  p h o t o g r a p h y .  F i g u r e  8 shows  a n  e x a m p l e  o f  s u c h  a w a v e ;  
i t  w a s  o b s e r v e d  i n  n o c t i l u c e n t  c l o u d s  o n  J u l y  6 - 7 ,  1 9 5 1 .  On t h e  
c r e s t  o f  v e r y  l o n g  111-c w a v e s ,  t h e r e  c a n  b e  a c l o u d  f i e l d  w i t h  a n  
a r e a  o f  many h u n d r e d s  o f  t h o u s a n d s  o f  s q u a r e  k i l o m e t e r s .  I t  i s  
much more  d i f f i c u l t  t o  d e t e c t  111-c w a v e s  f r o m  t h e  n o r m a l  d i s t a n c e .  
We d e t e r m i n e d  t h e  a m p l i t u d e  o f  o s c i l l a t i o n s  o f  111-c w a v e s  o n l y  by  
a m o r p h o l o g i c a l  a n a l y s i s  o f  p h o t o g r a p h s  w h i c h  w e r e  o b t a i n e d  f r o m  
o n e  s i t e .  A c c o r d i n g  t o  t h e s e  d a t a ,  t h e  a m p l i t u d e  c a n  h a v e  v a l u e s  
of  20-30 km. We s t i l l  h a v e  n o t  u n d e r t a k e n  s p e c i a l  p h o t o g r a m m e t r i c  
m e a s u r e m e n t s  o f  t h e  h e i g h t  c o n t o u r  o f  111-c w a v e s .  However ,  t h e  
d a t a  i n  [ 3 6 ]  may p e r t a i n ,  i n  p a r t ,  t o  111-c w a v e s  ( s e e  F i g .  7 ) .  
For e x a m p l e ,  i f  a 111-c wave t a k e s  up a r a n g e  o f  h e i g h t s  f r o m  70 t o  
95 k m ,  t h e n  t h e  t e m p e r a t u r e  o f  t h e  medium c h a n g e s  ( a c c o r d i n g  t o  t h e  
s t a n d a r d  a t m o s p h e r e  o f  t h e  A l l - U n i o n  S t a t e  S t a n d a r d  4 4 0 1 - 6 4 )  f r o m  
219.1O t o  185O K ,  ; . e . ,  t h e  d i f f e r e n c e  i n  t h e  t e m p e r a t u r e s  f o r  t h e  - / 1 E  
c r e s t  a n d  t r o u g h  o f  t h e  wave i s  a b o u t  34O K .  If w e  t a k e  t h e  t emp-  
e r a t u r e  o f  1 3 0 °  K m e a s u r e d  i n  a l a y e r  o f  n o c t i l u c e n t  c l o u d s  a s  a 
minimum, t h e n  t h e  d i f f e r e n c e  c a n  r e a c h  89O K .  Under  a c t u a l  c o n d i -  
t i o n s  f o r  t h e  a p p e a r a n c e  o f  n o c t i l u c e n t  c l o u d s ,  s u c h  a t e m p e r a t u r e  
d r o p  i s  s u f f i c i e n t  f o r  a s u b s t a n t i a l  c h a n g e  i n  t h e  l o c a l  a e r o l o g i c a l  
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F i g .  8a. P h o t o g r a p h  o f  t h e  W e s t e r n  Edge  o f  N o c t i l u c e n t  C l o u d s  O b -  
s e r v e d  on J u l y  6 - 7 ,  1 9 5 1 .  The W h i t e  L i n e s  were  P l o t t e d  f o r  a Q u a l -  

i t a t i v e  I n d i c a t i o n  o f  t h e  Wave P r o f i l e  i n  t h e  C l o u d  F i e l d .  

F i g .  8 b .  P h o t o g r a p h  o f  t h e  W e s t e r n  Edge  o f  N o c t i l u c e n t  C l o u d s  O b -  
s e r v e d  on J u l y  6 - 7 ,  1 9 5 1 .  P h o t o g r a p h  b w a s  Made 66  min A f t e r  
P h o t o g r a p h  a .  The W h i t e  L i n e s  were  P l o t t e d  f o r  a Q u a l i t a t i v e  

I n d i c a t i o n  o f  t h e  Wave P r o f i l e  i n  t h e  C l o u d  F i e l d .  
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c o n d i t i o n s  f o r  c l o u d  f o r m a t i o n s ,  a l l  o t h e r  c o n d i t i o n s  b e i n g  e q u a l .  
The s e c t i o n  o f  t h e  f i e l d  o f  n o c t i l u c e n t  c l o u d s  m e a s u r e d  by  M . I .  
B u r o v  w a s  ( p o s s i b l y )  l o c a t e d  i n  o n e  o f  t h e  111-c wave e l e m e n t s .  
A c c o r d i n g  t o  t h e  d a t a  o f  t h e  m o r p h o l o g i c a l  a n a l y s i s  o f  t h e  p h o t o -  
g r a p h s  shown i n  L-361, t h i s  a s s u m p t i o n  c a n  b e  made w i t h  a c e r t a i n  
d e g r e e  o f  p r o b a b i l i t y .  T h i s  m i g h t  a i d  i n  e x p l a i n i n g  t h e  m e a s u r e -  
m e n t s  o f  t h e  h e i g h t  r a n g e s  f r o m  7 3  t o  9 4  km. A c t u a l l y ,  t h e  d i s a p -  
p e a r a n c e  o f  t h e  l e f t - h a n d  e d g e  o f  n o c t i l u c e n t  c l o u d s  [ 3 6 ]  i s  s i m i l a r  
t o  t h e i r  d i s i n t e g r a t i o n  d u r i n g  a c h a n g e  i n  t h e  p r o p e r t i e s  o f  t h e  
medium, i n  t h e  same way t h a t  t h e  a p p e a r a n c e  o f  t h e  n o c t i l u c e n t  
c l o u d s  shown i n  F i g u r e  8 c h a n g e s .  The p r o f i l e s  o f  1 1 1 - c  w a v e s  a r e  
m a r k e d  q u a l i t a t i v e l y  by t h e  c o n t o u r  l i n e s  i n  t h e  t w o  p h o t o g r a p h s .  
D u r i n g  t h e  i n t e r v a l  b e t w e e n  t h e  t w o  p h o t o g r a p h s ,  t h e  c r e s t  o f  t h e  
111-c wave s h i f t e d  t o  t h e  n o r t h w e s t  a t  a r a t e  o f  45 m / s e c .  We c a n  
c l e a r l y  s e e  t h a t  t h e  n o c t i l u c e n t  c l o u d s  d i s a p p e a r  a l m o s t  c o m p l e t e l y  
a t  t h e  t r o u g h  o f  t h e  w a v e .  

We h a v e  d i s c u s s e d  t h e  m e c h a n i s m s  f o r  e x c i t a t i o n  o f  1 I I ; c  w a v e s  
i n  o t h e r  s t u d i e s  [ 3 4 ,  3 9 1 .  The i d e a s  e x a m i n e d  t h e r e  h a v e  now b e e n  
s u b s t a n t i a t e d  by  new s t u d i e s .  Our  c o m p a r i s o n  o f  a n  a n t i c y c l o n e  t o  
a m o v i n g  m o u n t a i n ,  c a u s i n g  l a r g e - s c a l e  g r a v i t a t i o n a l  w a v e s  w h i c h  
a r e  t r a n s f o r m e d  i n  t h e  m e s o s p h e r e  a n d  a f f e c t  t h e  t h e r m o d y n a m i c  
c o n d i t i o n s  f o r  c l o u d  f o r m a t i o n s  t h e r e ,  i s  now on a f i r m e r  f o u n d a t i o n .  
The k i n e t i c  e n e r g y  o f  a p o w e r f u l  a n t i c y c l o n e  i s  s u f f i c i e n t l y  g r e a t  
t o  e x c i t e  a wave o s c i l l a t i o n  o f  t h e  o v e r l y i n g  r a r e f i e d  l a y e r s  o f  
t h e  a t m o s p h e r e  [ 4 0 ] .  The e x p e r i m e n t a l  d i s c o v e r y  o f  a m i g r a t i o n  o f  
g r a v i t a t i o n a l  w a v e s  o f  a p l a n e t a r y  s c a l e  f r o m  t h e  t r o p o s p h e r e  t o  
t h e  m e s o s p h e r e  w i l l  p r o b a b l y  n e c e s s i t a t e  s p e c i a l  m e t h o d s  f o r  a n  
a e r o s y n o p t i c  s o u n d i n g  o f  t h e  a t m o s p h e r e .  

T h e  S t r a t i f i c a t i o n  o f  N o c t i l u c e n t  C l o u d s  

The n o c t i l u c e n t  c l o u d s  w h i c h  a p p e a r e d  o'n J u n e  2 0 - 2 1 ,  1 9 5 0  w e r e  
e x c e p t i o n a l l y  b r i g h t .  The wave s h a p e s  f o r m e d  i n  a d e n s e  c l o u d  
l a y e r  w e r e  c o v e r e d  i n  p l a c e s  w i t h  a r a t h e r  t h i c k ,  f l o c c u l e n t  v e i l .  
A t  l o c a l  m i d n i g h t ,  t h e  c e n t e r  o f  t h e  Sun w a s  b e l o w  t h e  h o r i z o n  by 
-ha = 1 0 . 9 O .  The d e n s i t y  o f  t h e  v e i l  w a s  s o  g r e a t  a t  some p o i n t s  
t h a t  i t  c o m p l e t e l y  o b s c u r e d  t h e  c r e s t s  o f  t h e  c l o u d  w a v e s  b e h i n d  i t .  
The b r i g h t n e s s  o f  t h e  v e i l  i n c r e a s e d  s i g n i f i c a n t l y  t o w a r d  m o r n i n g  
( - h 9  = 9 " ) .  S u b s e q u e n t l y ,  h a v i n g  a n a l y z e d  t h e  p h o t o g r a p h s ,  w e  d r e w  
t h e  c o n c l u s i o n  t h a t  t h e  v e i l  o f  t h e  n o c t i l u c e n t  c l o u d s  w a s  l o w e r  
t h a n  t h e  wave f o r m s .  The f o l l o w i n g  y e a r  w a s  p a r t i c u l a r l y  r i c h  i n  
b r i g h t  c l o u d s .  On t h e  n i g h t  o f  J u l y  1 0  t o  11, 1 9 5 1 ,  t h e r e  a g a i n  
a p p e a r e d  v e r y  b r i g h t  c l o u d s  w i t h  a v e r y  n o t i c e a b l e  v e i l .  A s  u s u a l ,  
t h e  b r i g h t n e s s  o f  t h e  v e i l  i n c r e a s e d  t o w a r d  m o r n i n g .  T h i s  t i m e ,  
t h e  v e i l  l a y e r  u n d e r w e n t  wave o s c i l l a t i o n s  o f  t y p e s  111-a a n d  1 1 1 - b .  
F i g u r e  9 s h o w s  a p h o t o g r a p h  o f  t h e s e  c l o u d s  f o r  -ho = 9 . 5 O .  We c a n  
c l e a r l y  s e e  t h e  b r e a k s  ( o p e n i n g s )  i n  t h e  v e i l  l a y e r ,  t h r o u g h  w h i c h  
t h e  wave s t r u c t u r e  o f  t h e  o v e r l y i n g  l a y e r  i s  v i s i b l e .  When w e  u s e d  
t i m e - l a p s e  p h o t o g r a p h y ,  i t  was much e a s i e r  t o  f i n d  t h e  t w o  l a y e r s ,  
a n d  t h i s  w a s  s e e n  more o f t e n .  We f o u n d  t h a t  e a c h  l a y e r  moved i n  a 
d i f f e r e n t  d i r e c t i o n .  For e x a m p l e ,  t h e  u p p e r  l a y e r  o f  t h e  c l o u d s  
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o b s e r v e d  o n  J u l y  1 5 - 1 6 ,  1 9 5 8  h a d  a wave movement t o w a r d  t h e  w e s t ,  
w h i l e  t h e  l o w e r  c i r r i f o r m ,  f l o c c u l e n t  l a y e r  o f  t h e  v e i l  moved t o w a r d  
t h e  e a s t .  T h i s  phenomenon  i s  s e e n  v e r y  c l e a r l y  on a m o t i o n - p i c t u r e  
s c r e e n ,  a n d  i t s  o u t w a r d  a p p e a r a n c e  r e s e m b l e s  t h e  movement o f  v a r i o u s  
l e v e l s  o f  t r o p o s p h e r i c  c l o u d s .  

I t  f o l l o w s  f r o m  o u r  d a t a  t h a t  t h e  l a y e r  o f  t h e  v e i l ,  or i n d i -  
v i d u a l  b u n c h e s  o f  i t ,  c a n  b e  b e s t  o b s e r v e d  a g a i n s t  t h e  b a c k g r o u n d  
o f  t h e  u p p e r  l a y e r  of t h e  n o c t i l u c e n t  c l o u d s  when t h e y  a r e  10-15O 
b e l o w  t h e  h o r i z o n  a n d  t h e  p o s i t i o n  o f  t h e  Sun b e l o w  t h e  h o r i z o n  i s  
n o t  l o w e r  t h a n  - h g  = 11-12O. The c o n d i t i o n s  for o b s e r v i n g  t h e  v e i l  
a t  - h ,  = 9 - 8 O  a r e  g r e a t l y  i m p r o v e d .  O b v i o u s l y ,  t h e  l o w e r  l a y e r ,  or 
t h e  v e i l  o f  t h e  n o c t i l u c e n t  c l o u d s ,  i s  i n  t h e  s h a d e  d u r i n g  a s t r o n o m -  
i c a l  t w i l i g h t  a n d  c a n n o t  b e  o b s e r v e d .  A s  t h e  a n g l e  o f  s o l a r  d e -  
p r e s s i o n  d e c r e a s e s ,  t h e  E a r t h ' s  s h a d o w  s i n k s  c o r r e s p o n d i n g l y  l o w e r ;  
t h u s ,  l o w e r  a l t i t u d e s  of t h e  a t m o s p h e r e  a r e  i l l u m i n a t e d .  A t  t h e  
b e g i n n i n g ,  o n l y  t h e  u p p e r  l a y e r  o f  t h e  v e i l  i s  i l l u m i n a t e d  for - h  
= 10-11O. S u b s e q u e n t l y ,  o n l y  i t s  u p p e r ,  " s m o k i n g " ,  h a z e - l i k e  s t r e a m s  
a r e  v i s i b l e .  When - h o  = 9 - 7 O ,  t h e  e n t i r e  l a y e r  o f  t h e  v e i l  i s  
i l l u m i n a t e d .  I t s  b r i g h t n e s s  i n c r e a s e s  r a p i d l y  a n d  s o m e t i m e s  e x c e e d s  
t h e  b r i g h t n e s s  o f  t h e  u p p e r  l a y e r  o f  c l o u d s .  A r a t h e r  

F i g .  9 .  P a r t  o f  t h e  F i e l d  o f  N o c t i l u c e n t  C l o u d s  O b s e r v e d  o n  J u l y  
10-11, 1 9 5 1 .  The P h o t o g r a p h  w a s  R o t a t e d  1 8 0 ° .  A T h i c k  V e i l  C o v e r s  

t h e  Wave L a y e r  o f  N o c t i l u c e n t  C l o u d s  A l m o s t  E n t i r e l y .  
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r a p i d ,  d i s t i n c t i v e  l l i n f l u x ' l  o f  a new c l o u d  p i c t u r e  i s  o b s e r v e d .  A 
t h i n  l a y e r  w h i c h  h a s  j u s t  b e e n  o b s e r v e d  d i s a p p e a r s  a n d  i s  r e p l a c e d  
b y  t h e  h a z y  p i c t u r e  o f  t h e  l a y e r  o f  t h e  v e i l  o f  n o c t i l u c e n t  c l o u d s .  
I t s  m o r p h o l o g i c a l  s t r u c t u r e  i s  o c c a s i o n a l l y  d i s t i n g u i s h e d  by  i t s  
c o m p l e x i t y ,  b u t  t h e  m o r e  i n d i s t i n c t  c o n t o u r s  p r e d o m i n a t e .  T h i s  c a n  
b e  e x p l a i n e d  b y  t h e  s h o r t e r  d i s t a n c e  o f  t h e  v e i l  s e c t i o n s  f r o m  t h e  
o b s e r v e r .  

I n  a d d i t i o n  t o  t h e  f o g - l i k e  f l o c c u l e n t  s h r o u d ,  wave c u r v a t u r e s  
o f  t h e  l a y e r  ( o b v i o u s l y ,  o f  a l l  t h r e e  t y p e s  o f  w a v e s )  c a n  a p p e a r  i n  
t h e  v e i l ,  a s  w e l l  a s  c r e s c e n t - s h a p e d  n u c l e i ,  " w h i t e c a p s f t  a n d  ro'clnd 
o p e n i n g s  ( w h i c h  a r e  f o u n d  p a r t i c u l a r l y  f r e q u e n t l y ) ;  t h e  l a t t e r  
f o r m a t i o n s  a r e  o f  a c l e a r l y  c o n v e c t i v e  n a t u r e .  The l i n e a r  t h i c k n e s s  
o f  t h e  v e i l  l a y e r  i s  g r e a t e r  t h a n  t h a t  o f  t h e  u p p e r  c l o u d  l a y e r ,  
i n  o u r  o p i n i o n ,  a n d  c a n  r e a c h  5 - 1 0  km. The v e i l  i s  n o t  a l w a y s  o b -  
s e r v e d ;  i t  i s  p o s s i b l e  t h a t  i t  d o e s  n o t  a l w a y s  e x i s t  a s  a c l o u d  
l a y e r .  P r e c i s e  d e t e r m i n a t i o n s  o f  t h e  h e i g h t s  o f  t h e  u p p e r  a n d  
l o w e r  l e v e l s  o f  n o c t i l u c e n t  c l o u d s ,  a s  w e l l  a s  s i m u l t a n e o u s  a e r o -  
l o g i c a l  s o u n d i n g  o f  t h e  a t m o s p h e r e ,  w o u l d  b e  n e c e s s a r y  t o  d e t e r m i n e  
t h e  v a l i d i t y  o f  t h i s  i d e a .  Under  r e a l  c o n d i t i o n s ,  v a r i o u s  e v o l u t i o n s  
o f  t h e  h e i g h t  o f  e a c h  l a y e r  a r e  p o s s i b l e ,  a s  a r e  t h e i r  l o c a l  
b l e n d i n g s .  

/21 - 

The t w o - l a y e r e d  c h a r a c t e r  o f  n o c t i l u c e n t  c l o u d s  p o s e s  new 
q u e s t i o n s ;  w i t h o u t  a n  a n s w e r  t o  t h e m ,  w e  c a n  n e v e r  u n d e r s t a n d  t h e  
p h y s i c a l  n a t u r e  o f  t h e s e  c l o u d s  c o r r e c t l y .  We s t i l l  d o  n o t  know 
i f  t h e  v e i l  moves w i t h  t h e  w i n d  or a s  t h e  r e s u l t  o f  a p h a s e  o s c i l -  
l a t i o n  o f  a t m o s p h e r i c  w a v e s  w h i c h  p r o d u c e  a d v a n t a g e o u s  c o n d i t i o n s  
f o r  i t s  f o r m a t i o n .  What i s  t h e  r o l e  o f  t h e  c e l l u l a r  t u r b u l e n c e  i n  
t h e  e v o l u t i o n  o f  t h e  v e i l ?  What i s  t h e  r o l e  o f  t h e  v e i l  i n  t h e  
" f e e d i n g "  o f  t h e  p r o c e s s  of c l o u d  f o r m a t i o n  i n  t h e  u p p e r  l a y e r  o f  
n o c t i l u c e n t  c l o u d s ?  The m e c h a n i s m  f o r  t h e  d y n a m i c  i n t e r a c t i o n  b e -  
t w e e n  e a c h  o f  t h e  t w o  c l o u d  l e v e l s  i s  a l s o  i n t e r e s t i n g .  I n  t h e  
c l o u d s  o b s e r v e d  on J u l y  10-11, 1 9 5 1 ,  t h e  w a v e s  o f  t h e  v e i l  a n d  o f  
t h e  u p p e r  l a y e r  were  e x a c t l y  p a r a l l e l  t o  o n e  a n o t h e r .  

The t h e o r e t i c a l  e x a m i n a t i o n  of  t h e  t w o - l a y e r  phenomenon o f  t h e  
c l o u d s  i n  t h e  m e s o p a u s e  made by  N . I .  N o v o z h i l o v  i s  p a r t i c u l a r l y  
n o t e w o r t h y .  A c c o r d i n g  t o  h i s  f i r s t  a r t i c l e  on t h i s  p r o b l e m  [41], 
t w o  o r  more  t e m p e r a t u r e  m i n i m a  c a n  s o m e t i m e s  b e  f o r m e d  i n  t h e  r e g i o n  
o f  t h e  m e s o p a u s e .  I n  t h e  c a s e  o f  a s i m p l e  s t r u c t u r e  o f  t h e  meso-  
p a u s e ,  w i t h  o n e  t e m p e r a t u r e  minimum, t h e r e  s h o u l d  b e  n o  i n t e r n a l  
wave m o v e m e n t s  o f  t h e  a t m o s p h e r e  o f  t h e  111-a a n d  1 1 1 - b  t y p e s  ( a c -  
c o r d i n g  t o  N.I. N o v o z h i l o v ) .  I n  t h i s  c a s e ,  t h e  n o c t i l u c e n t  c l o u d s  
c o n s i s t  o f  a v e i l  a n d  b l u r r e d  b a n d s .  N o v o z h i l o v ' s  h y p o t h e s i s  c o n -  
f o r m s  w e l l  w i t h  t h e  o b s e r v a t i o n s .  We now n e e d  d i r e c t  e x p e r i m e n t s ,  
w i t h  m e a s u r e m e n t s  o f  t h e  t e m p e r a t u r e  c o n d u c t e d  a l m o s t  c o n t i n u o u s l y ,  
a n d  f u r t h e r  t h e o r e t i c a l  s t u d i e s  i n  t h i s  d i r e c t i o n .  N o v o z h i l o v ~ s  
work i s  e x c e p t i o n a l l y  i m p o r t a n t  f o r  t h e  p r o b l e m  o f  n o c t i l u c e n t  
c l o u d s  a n d  f o r  a c o r r e c t  u n d e r s t a n d i n g  o f  t h e  p h y s i c a l  n a t u r e  o f  
t h e  m e s o s p h e r e .  M o r e o v e r ,  t h e  f a c t o r  o f  s t a b i l i t y  i n  t h e  h e i g h t  
o f  t h e  m e s o p a u s e  w i t h  a t e m p e r a t u r e  minimum i s  o f  p a r t i c u l a r  
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s i g n i f i c a n c e .  M e a s u r e m e n t s  a n d  m o r p h o l o g i c a l  s t u d i e s  show t h a t  t h i s  
c o o l  l a y e r  (or t w o  l a y e r s )  u n d e r g o e s  s i g n i f i c a n t  o s c i l l a t i o n s  i n  
h e i g h t .  N o c t i l u c e n t  c l o u d s  a r e  c o n n e c t e d  g e n e t i c a l l y  t o  a l o w  
t e m p e r a t u r e  o f  t h e  med ium;  a t  t h e  same t i m e ,  h o w e v e r ,  t h e y  a p p e a r  
i n  a h e i g h t  r a n g e  f r o m  6 0 - 6 5  t o  95 -105  km. Due t o  t h e  e f f e c t  o f  
111-c w a v e s ,  a c l o u d  f i e l d  c a n  b e  s l o p e d  s o  t h a t  t h e  h e i g h t s  o f  
v a r i o u s  s e c t i o n s  c a n  d i f f e r  by  1 0 - 2 0  km. T h i s  means  t h a t  t h e  c o o l  
l a y e r  o f  t h e  m e s o p a u s e  c a n  u n d e r g o  p e r i o d i c  a n d  s i g n i f i c a n t  c h a n g e s  
i n  h e i g h t  ( a t  l e a s t  when n o c t i l u c e n t  c l o u d s  a r e  p r e s e n t ) .  

Edge o f  t h e  F i e l d  o f  N o c t i l u c e n t  C l o u d s  

The g e o m e t r i c  c o n t o u r s  o f  t h e  f i e l d  o f  n o c t i l u c e n t  c l o u d s  a r e  /22 
o f  p a r t i c u l a r  s i g n i f i c a n c e  i n  m o r p h o l o g y .  Knowing t h e  s h a p e  a n d  
g e o g r a p h i c  d i s t r i b u t i o n  o f  t h e  b o u n d a r i e s  o f  t h e  c l o u d  f i e l d ,  w e  
c a n  c o n d u c t  a n  a e r o s y n o p t i c  a n a l y s i s  o f  t h e  a t m o s p h e r e  a n d  h a v e  a 
b e t t e r  u n d e r s t a n d i n g  o f  t h e  n a t u r e  o f  t h e  p h e n o m e n o n .  The c o m p l i -  
c a t i o n s  i n  t h e s e  s t u d i e s  l i e  i n  t h e  f a c t  t h a t  t h e  m o r p h o l o g y  o f  
n o c t i l u c e n t  c l o u d s  i s  t h e  e x t e r n a l  a p p e a r a n c e  o f  a e r o l o g i c a l  p r o -  
c e s s e s  i n  t h e  m e s o s p h e r e ,  w h i c h  also h a v e  not b e e n  e x a m i n e d  i n  
d e t a i l .  T h e r e f o r e ,  t h e r e  a r e  many d i f f i c u l t i e s  i n  u n d e r s t a n d i n g  
t h e  i d e a  o f  a n  I r e d g e l '  o f  t h e  f i e l d  o f  n o c t i l u c e n t  c l o u d s .  The 
g i g a n t i c  111-c w a v e s  c a n  c a r r y  s u c h  l a r g e  c l o u d  f i e l d s  o n  t h e  e l e -  
m e n t s  o f  t h e i r  s u r f a c e  ( i n  a c c o r d a n c e  w i t h  t h e i r  d i m e n s i o n s )  t h a t  
a t e r r e s t r i a l  o b s e r v e r  w i l l  n o t i c e  o n l y  p a r t  o f  t h e m  d u r i n g  o n e  
n i g h t .  I n  F i g u r e  8 ,  w e  s a w  t w o  wave c r e s t s ,  b e t w e e n  w h i c h  ( i n  t h e  
t r o u g h )  t h e  c l o u d s  a l m o s t  d i s a p p e a r e d  ( b u t  n o t  e n t i r e l y ) .  T h e r e  
h a v e  b e e n  c a s e s  when t h e  c l o u d s  i n  t r o u g h s  o f  111-c w a v e s  h a v e  
d i s a p p e a r e d  c o m p l e t e l y .  I n  s u c h  c a s e s ,  t h e r e  i s  s o m e t h i n g  w h i c h  
s e e m s  t o  b e  t h e  e d g e  o f  t h e  c l o u d  f i e l d  i n  t h e  t r o u g h  o f  t h e  w a v e .  
I f  w e  c a n  s e e  a s e c o n d  wave c r e s t ,  s i m u l t a n e o u s l y  or s h o r t l y  a f t e r ,  
t h e n  w e  know t h a t  t h i s  w a s  n o t  a r e a l  e d g e ,  b u t  o n l y  a l o c a l  d i s -  
a p p e a r a n c e  of  t h e  c l o u d s  a s  a r e s u l t  o f  u n f a v o r a b l e  l o c a l  c o n d i t i o n s  
f o r  t h e i r  e x i s t e n c e  (for e x a m p l e ,  h e a t i n g  o f  t h e  medium when t h e  
wave d e s c e n d s  i n t o  t h e  t r o u g h ) .  A s t a t i o n a r y  t e r r e s t r i a l  o b s e r v e r  
h a s  a p a s s i v e  r o l e .  Too l i t t l e  i n f o r m a t i o n  o n  t h e  p r o b l e m  i n  
q u e s t i o n  h a s  b e e n  a c c u m u l a t e d .  Our c o n c e p t s  c o u l d  c h a n g e  r a d i c a l l y  
i f  t h e  o b s e r v e r  became  a n  a c t i v e  e x p e r i m e n t o r  o n  b o a r d  a m o v i n g  
l a b o r a t o r y  ( f o r  e x a m p l e ,  o n  b o a r d  a h i g h - a l t i t u d e  a i r c r a f t ,  a s a t e l -  
l i t e ,  e t c . )  c311. I n  t h e  m e a n t i m e ,  o n l y  t h e  r e s u l t s  o f  t e r r e s t r i a l  
o b s e r v a t i o n s  a r e  a v i l a b l e .  F i g u r e  1 0  s h o w s  p h o t o g r a p h s  o f  f o u r  
moments  i n  t h e  d e v e l o p m e n t  o f  t h e  e a s t e r n  e d g e  o f  a f i e l d  o f  n o c t i -  
l u c e n t  c l o u d s  o b s e r v e d  o n  J u l y  6 - 7 ,  1 9 5 1 .  I n  F i g u r e  8, w e  h a v e  
a l r e a d y  s e e n  how r a p i d l y  t h e  c r e s t s  o f  111-c c l o u d s  s h i f t e d  t o w a r d  
t h e  n o r t h w e s t  d u r i n g  t h e  c o u r s e  o f  t h i s  n i g h t .  On t h e  o t h e r  h a n d ,  
t h e  b o u n d a r y  m a r k i n g s  a t  t h e  e a s t e r n  e d g e  were  r e l a t i v e l y  s t a b l e  
f o r  50 m i n .  S u b s e q u e n t l y ,  t h e r e  w a s  o n l y  a s l o w  m i g r a t i o n  a n d  b 
b e n d i n g  o f  t h e  b o u n d a r y  t o w a r d  t h e  s o u t h e a s t .  The b o u n d a r y  w a s  
m a r k e d  b y  a b r i g h t  b a n d ,  w h i c h  w a s  t h e  c r e s t  o f  a n  e x t e n d e d  1 1 1 - b  
w a v e .  Even  t h e  v e r y  m o b i l e  1 1 1 - b  w a v e s  a n d  o t h e r  f o r m a t i o n s  d i d  
n o t  g o  b e y o n d  t h i s  b o u n d a r y .  T h i s  t y p e  o f  p i c t u r e  w a s  a l s o  n o t e d  
i n  o t h e r  a p p e a r a n c e s  o f  c l o u d s .  The b o u n d a r y  c o u l d  t e n d  t o w a r d  t h e  
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s o u t h  or a n y  o t h e r  d i r e c t i o n .  I t  w a s  a l w a y s  a c l e a r  b o u n d a r y  b e -  
t w e e n  a r e g i o n  w i t h  i n t e n s e  c l o u d  f o r m a t i o n s  a n d  a " f o r b i d d e n "  
r e g i o n  f o r  n o c t i l u c e n t  c l o u d s .  Why? Why d o  a n u m b e r  o f  o r d e r e d  
z o n e s  i n  t h e  a t m o s p h e r e  p r e s e r v e  d i f f e r e n t  p r o p e r t i e s  for a l o n g  
t i m e ?  I t  i s  p o s s i b l e  t h a t  t h i s  i s  p a r t  o f  a g l o b a l  wave w h i c h  i s  
r a t h e r  s t e e p  a t  t h i s  s i t e ,  a n d  w h i c h  h a s  a h i g h  t e m p e r a t u r e  g r a d i e n t .  
All t h i s  i s  s t i l l  v e r y  u n c l e a r .  T h i s  i s  a n o t h e r  r e a s o n  why m o b i l e  / 2 3  
h i g h - a l t i t u d e  m e a s u r e m e n t s  a n d  a e r o l o g i c a l  s o u n d i n g s  o f  t h e  meso-  
s p h e r e  a r e  n e c e s s a r y .  

- 

The g e o g r a p h i c  b o u n d a r i e s  for t h e  p o s s i b l e  p r o p a g a t i o n  o f  
n o c t i l u c e n t  c l o u d s  a r e  c l o s e l y  c o n n e c t e d  w i t h  t h e  p r o b l e m  i n  q u e s t i o n .  

F i g .  10. F o u r  S u c c e s s i v e  P h o t o g r a p h s  o f  t h e  E a s t e r n  Edge o f  t h e  
N o c t i l u c e n t  C l o u d s  o f  J u l y  6 - 7 ,  1 9 5 1 .  
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I t  i s  u s u a l l y  c o n s i d e r e d  t h a t  t h e  z o n e  f o r  a p o s s i b l e  a p p e a r a n c e  o f  
n o c t i l u c e n t  c l o u d s  i s  l i m i t e d  t o  a l a t i t u d e  b e l t  o f  5 0 - 7 0 °  f o r  t h e  
N o r t h e r n  H e m i s p h e r e  a n d  a s i m i l a r  b e l t  for t h e  S o u t h e r n  H e m i s p h e r e .  
H o w e v e r ,  a n  a n a l y s i s  of  t h e  o b s e r v a t i o n a l  d a t a  o b t a i n e d  d u r i n g  t h e  
e n t i r e  p e r i o d  d u r i n g  w h i c h  n o c t i l u c e n t  c l o u d s  h a v e  b e e n  s t u d i e d  
i n d i c a t e s  a v e r y  r e l i a b l e  c i r c u m s t a n c e  o f  a s l i g h t l y  d i f f e r e n t  
n a t u r e .  I t  i s  v e r y  p o s s i b l e  t h a t  t h e  " p e r m i s s i b l e "  z o n e  f o r  n o c t i -  
l u c e n t  c l o u d s  i s  n o t  a l a t i t u d e  b e l t  b u t  a p o l a r  c a p .  The c o n c e p t  
o f  t h e  e d g e  o f  t h i s  n o c t i l u c e n t ,  or a z u r e - b l u e ,  r r c a p "  o f  t h e  E a r t h  
c a n  c h a n g e .  I t  i s  p o s s i b l e  t h a t  t h e r e  i s  a s m a l l  l o c a l  z o n e  w h i c h  
h a s  n o  c l o u d s  a t  t h e  c e n t e r  o f  t h i s  " c a p " ;  t h i s  z o n e  c o u l d  b e  d e t e r -  
m i n e d  b y  t h e  s t r u c t u r e  o f  m e s o s p h e r i c  o r  p l a n e t a r y  c i r c u l a t i o n .  

F i g .  11. S e v e n  S u b s e q u e n t  P h o t o g r a p h s  o f  a S e c t i o n  o f  C o n v e c t i v e  
D i s t u r b a n c e  i n  t h e  N o c t i l u c e n t  C l o u d s  o f  J u l y  6 - 7 ,  1 9 5 1 .  
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G l o b a l  m e t h o d s  f o r  s t u d y i n g  t h e  a t m o s p h e r e  a r e  a l s o  n e c e s s a r y  f o r  a 
f i n a l  s o l u t i o n  t o  t h i s  p r o b l e m .  

C o n v e c t i o n  i n  N o c t i l u c e n t  C l o u d s  

The c o n v e c t i v e  p r o c ' e s s e s  i n  t h e  m e s o s p h e r e  a r e  r e v e a l e d  b y  t h e  
c h a r a c t e r i s t i c  m o r p h o l o g i c a l  s h a p e s  o f  n o c t i l u c e n t  c l o u d s .  The 
t h e r m o b a r i c  n a t u r e  a n d  s c a l e  o f  t h e i r  d e v e l o p m e n t  i n  t h e  m e s o s p h e r e  
h a v e  s t i l l  b e e n  s t u d i e d  i n s u f f i c i e n t l y .  We d o  n o t  know t h e  n a t u r e  
o f  t h e i r  r o l e  i n  t h e  f o r m a t i o n  a n d  d e v e l o p m e n t  o f  n o c t i l u c e n t  c l o u d s .  
T h e r e  a r e  v e r y  f e w  f a c t u a l  o b s e r v a t . i o n a 1  d a t a  c o n c e r n i n g  t h i s  p r o b -  
l e m ;  t h e r e  a r e  many m e t h o d o l o g i c a l  d i f f i c u l t i e s  i n  i n t e r p r e t i n g  t h e  
o b s e r v a t i o n s .  

N o c t i l u c e n t  c l o u d s  h a v e  s h a p e s  w h i c h  r e s e m b l e  e d d i e s  or c e l l u l a r  
c o n v e c t i o n  i n  t h e i r  o u t w a r d  a p p e a r a n c e .  They  r e p r e s e n t  d a r k ,  r o u n d  
" h o l e s "  i n  a c l o u d  l a y e r .  They a r e  c l a s s i f i e d .  m o r p h o l o g i c a l l y  a s  
Type I V  C'41. T i m e - l a p s e  p h o t o g r a p h y  h a s  r e c o r d e d  s e v e r a l  c a s e s  o f  
l o c a l  s e c t i o n s  i n  c l o u d s  w h i c h  a r e  t r a p p e d  b y  a n  e d d y .  We know o f  
s e v e r a l  c a s e s  o f  l a r g e - s c a l e  e d d i e s .  V . A .  B r o n s h t e n  a n d  G . O .  
Z a t e y s h c h i k o v  c o n d u c t e d  m e a s u r e m e n t s  f o r  o n e  s u c h  e d d y  [ 4 2 ] .  

L e t  u s  e x a m i n e  a s e r i e s  of  p h o t o g r a p h s  o f  a s e g m e n t  o f  a c l o u d  
f i e l d  w h i c h  w a s  a g i t a t e d  b y  a c o n v e c t i v e  m o t i o n  a n d  o b s e r v e d  o n  
J u l y  6 - 7 ,  1 9 5 1 .  F i g u r e  11 s h o w s  s e v e r a l  o f  t h e s e  p h o t o g r a p h s  ( n o t  
i n v e r t e d ) .  E a c h  p h o t o g r a p h  c o r r e s p o n d s  t o  a n  a n g l e  o f  r o u g h l y  7 O  
i n  t h e  s k y  p r o f i l e  a l o n g  t h e  v e r t i c a l .  The d i s t u r b a n c e  t r a v e l e d  
upward  i n  t h e  p h o t o g r a p h ,  5 . e .  a l m o s t  e x a c t l y  t o w a r d  t h e  s o u t h ,  w i t h  
a s l i g h t  i n c l i n a t i o n  t o w a r d  t h e  w e s t .  

P h o t o g r a p h  1 ( 0 0  min c o n v e n t i o n a l  t i m e )  c o r r e s p o n d s  t o  t h e  
b e g i n n i n g  o f  t h e  phenomenon  ( - h a  = 11.6O). I n  t h e  u p p e r  r i g h t - h a n d  
c o r n e r ,  w e  c a n  s e e  s e v e r a l  w e a k - c o l o r e d  b a n d s  w h i c h  a r e  a r r a n g e d  i n  / 2 4  
t h e  c l o u d  l a y e r  i n  a way t h a t  d i f f e r s  f r o m  t h e  o t h e r  d e t a i l s .  

- 

The t w o  p a r a l l e l  a n d  t w o  c o n v e r g i n g  b a n d s  s t i l l  h a v e  n o t  shown 
a n y  p a r t i c u l a r  a c t i v i t y .  

P h o t o g r a p h  2 ( 2 1  min c o n v e n t i o n a l  t i m e )  s h o w s  a s i g n i f i c a n t  
i n c r e a s e  i n  t h e  b r i g h t n e s s  a n d  a p o w e r f u l  d y n a m i c  a c t i v i t y  i n  t h e  
d i s t u r b e d  s e c t i o n  o f  t h e  c l o u d s .  The c l o u d  w a v e s  g o  f r o m  t h e  b a s e  
o f  t h e  d i s t i n c t  e d d y  t o  t h e  s i d e s .  The b r i g h t e s t  p a r t s  o f  t h e  
d i s t u r b a n c e  a r e  l a g g i n g  somewha t  a n d  n o t  p a r t i c i p a t i n g  c o m p l e t e l y  
i n  t h e  wave o s c i l l a t i o n s  o f  t h e  l a y e r .  

P h o t o g r a p h  3 ( 2 3 . 5  min  c o n v e n t i o n a l  t i m e )  a n d  P h o t o g r a p h  4 
( 2 8  min  c o n v e n t i o n a l  t i m e )  i l l u s t r a t e  a r a p i d  d e v e l o p m e n t  o f  t h e  
d i s t u r b a n c e .  A c o n c e n t r a t e d  c u r r e n t  o f  c l o u d  m a t t e r  i s  s p r e a d i n g  
f r o m  t h e  r i g h t  t o  t h e  l e f t  a n d  down ( i n  t h e  i m a g e  i n  t h e  p h o t o g r a p h ) .  
H a l f  of t h e  c u r r e n t  ( r o u g h l y  f r o m  t h e  m i d d l e )  i s  i n  c o n t a c t  w i t h  
t h e  c l o u d  l a y e r .  The c l o u d  mass seems t o  f l o w  f r o m  t h e  s i d e s  o f  
t h e  c u r r e n t ,  a n d  moves i n t o  t h e  wave f i e l d .  I n  t h e  u p p e r  r i g h t -  
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h a n d  c o r n e r  o f  t h e  p h o t o g r a p h ,  p a r t  of  t h e  c u r r e n t  i s  h a z e d  o v e r  
w i t h  c l o u d  s t reams a n d  moves  f r o m  t h e  g e n e r a l  c l o u d  l e v e l  downward ,  
t o w a r d  t h e  E a r t h .  The b r i g h t ,  c e n t r a l  p a r t  o f  t h e  c u r r e n t  i s  n o t  
a f f e c t e d  b y  t h e  wave o s c i l l a t i o n s  o f  t h e  f i e l d .  I t  i s  a d j a c e n t  t o  
t h e  wave f i e l d  a t  t h e  b o t t o m .  T h u s ,  a n  a l m o s t  l i n e a r  movement o f  
t h e  c l o u d  mass d o w n w a r d ,  a t  a c e r t a i n  s h a r p  a n g l e  t o  t h e  wave l a y e r  
o f  t h e  c l o u d s ,  i s  o b s e r v e d  i n  P h o t o g r a p h s  3 a n d  4 .  

P h o t o g r a p h  5 ( 4 9  min  c o n v e n t i o n a l  t i m e )  w a s  o b t a i n e d  for -ho 
= 11.3O. The e n d  o f  t h e  c u r r e n t  w h i c h  i s  t o w a r d  t h e  E a r t h ' s  s u r f a c e  
b r a n c h e s  o u t  t o w a r d  t h e  h a z y  c l o u d  s t r e a m s .  The u p p e r  e n d  o f  t h e  
c u r r e n t  ( i t  i s  b e l o w  t h e  c e n t e r  i n  t h e  p h o t o g r a p h )  i s  r e s t i n g  o n  
t h e  c l o u d  f i e l d .  The c u r r e n t  h a s  c u r v e d  s o m e w h a t ,  b u t  i t  i s  s t i l l  
m a i n t a i n i n g  t h e  p r e v i o u s  d i r e c t i o n  f r o m  r i g h t  t o  l e f t  ( f o r  t h e  
i m a g e  i n  t h e  p h o t o g r a p h ) .  

P h o t o g r a p h  6 ( 5 6 . 5  m i n  c o n v e n t i o n a l  t i m e ) ,  f o r  - h e  = 1l0, s h o w s  
a d i g r e s s i o n  o f  t h e  c u r r e n t .  I t s  d i r e c t i o n  i s  now f r o m  t h e  l e f t  t o  
t h e  r i g h t .  The c u r r e n t  i s  s h o r t e r  b u t  much w i d e r .  A t  i t s  o r i g i n ,  
w e  c a n  s e e  m u l t i p l e  i n d i v i d u a l  s t r e a m s  w h i c h  m e r g e  w i t h  t h e  d e n s e  
b r i g h t  c u r r e n t .  I t s  u p p e r  e n d  ( t h e  l o w e r  e n d  on t h e  p h o t o g r a p h )  
i s  c o n n e c t e d  t o  t h e  c l o u d  f i e l d  a n d  s e e m s  t o  s u p p l y  i t  w i t h  c l o u d  
m a t t e r .  The c u r r e n t  i s  v e r y  h a z y  a n d  l e s s  c l e a r l y  o u t l i n e d .  

P h o t o g r a p h  7 ( 6 7  min c o n v e n t i o n a l  t i m e ) .  The Sun h a d  b e g u n  t o  
r i s e  more r a p i d l y ;  - h e  = 10.7O. The c u r r e n t  i s  i l l u m i n a t e d  b y  t h e  
Sun more  f u l l y .  I t s  u p p e r  e n d  i s  s t i l l  i n  c o n t a c t  w i t h  t h e  c l o u d  
f i e l d  ( a t  t h e  b o t t o m  o f  t h e  p h o t o g r a p h ) .  The l o w e r  e n d  i s  n o t  
b r o k e n  o f f  now, b u t  i s  c l e a r l y  j o i n e d  t o  t h e  h a z y  m a s s  o f  t h e  v e i l .  
T h i s  s e c o n d  l o w e r  c l o u d  l a y e r  d i d  n o t  d e v e l o p  g r e a t l y  i n  a r e a ,  or 
h a d  n o t  b e e n  c o m p l e t e l y  i l l u m i n a t e d  by  t h e  S u n .  O n l y  a s m a l l  f o g g y  
c o a g u l a t i o n  i s  n o t i c e a b l e ;  t h e  c u r r e n t  o r i g i n a t e s  i n  t h i s  c o a g u l a -  
t i o n .  The c u r r e n t  t e n d s  t o  f l o w  upward  a n d  j o i n  t h e  p r i n c i p a l ,  
u p p e r  l a y e r  o f  n o c t i l u c e n t  c l o u d s .  

19 
u s  

U n f o r t u n a t e l y ,  we w e r e  n o t  u s i n g  t i m e - l a p s e  p h o t o g r a p h y  i n  
5 9 ;  t h e  m a t e r i a l s  w o u l d  h a v e  b e e n  much more  c o m p l e t e  i f  w e  h a d  /25 
e d  i t .  I t  c o u l d  h a v e  d e t e r m i n e d  t h e  d i r e c t i o n  o f  t h e  m i g r a t i o n  

o f  t h e  c l o u d  mass i n s i d e  t h e  c u r r e n t ,  a n d  o t h e r  d e t a i l s  of  t h i s  
i n t e r e s t i n g  p h e n o m e n o n ,  u n e q u i v o c a l l y .  I n  t h i s  s e c t i o n ,  w e  h a v e  
b e e n  g i v i n g  t h e  d i r e c t i o n  o f  t h e  c u r r e n t  a c c o r d i n g  t o  a g e n e r a l  
m o r p h o l o g i c a l  a n a l y s i s .  

N a t u r e  o f  N o c t i l u c e n t  C l o u d s  

M o r p h o l o g i c a l  s t u d i e s  g i v e  o b j e c t i v e  i n f o r m a t i o n  c o n c e r n i n g  
t h e  s p a c e - t i m e  e v o l u t i o n  o f  t h e  g e o m e t r i c  c o o r d i n a t e s ,  d i m e n s i o n s ,  
a n d  p a r a m e t e r s  f o r  t h e  movement  o f  v a r i o u s  s e c t i o n s  o f  n o c t i l u c e n t  
c l o u d s .  T h e s e  f a c t u a l  d a t a  a r e  t h e  b a s i s  o f  a s t u d y  o f  t h e  p h y s i c a l  
a n d  c h e m i c a l  n a t u r e  of t h e  p h e n o m e n o n .  T h i s  s t u d y  c o n c e r n s  t h e  
a e r o l o g i c a l  c o n d i t i o n s  f o r  t h e  f o r m a t i o n  a n d  c h e m i c a l  c o m p o s i t i o n  
of n o c t i l u c e n t  c l o u d s .  The m e s o s p h e r e  a n d  t h e  t r o p o s p h e r e  h a v e  a 
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c e r t a i n  s i m i l a r i t y  a n d ,  a t  t h e  same t i m e ,  a number  o f  p r i n c i p a l  
d i f f e r e n c e s .  T h e r e  i s  a c o m p l e x  o f  p h y s i c a l  a n d  c h e m i c a l  phenomena  
w h i c h  e x i s t s  i n  e a c h  s p h e r e  a n d  o n l y  i n  t h i s  s p h e r e .  For a c o r r e c t  
e x a m i n a t i o n  o f  t h e  p r o c e s s e s  d e v e l o p i n g  t h e r e ,  w e  s h o u l d  a l w a y s  
k e e p  t h i s  c i r c u m s t a n c e  i n  m i n d .  

The p o s s i b i l i t y  t h a t  n o c t i l u c e n t  c l o u d s  a r e  f o r m e d  by  a c o n -  
d e n s a t i o n  o f  w a t e r  v a p o r  i n  t h e  u p p e r  m e s o s p h e r e  h a s  b e e n  e x a m i n e d  
i n  s e v e r a l  t h e o r e t i c a l  w o r k s  [5, 4 3 ,  4 4 1 .  .The A m e r i c a n - S w e d i s h  
r o c k e t  e x p e r i m e n t s  o f  1 9 6 2  h a v e  c o n f i r m e d  t h e  f a c t  o f  a c o n d e n s a t i o n  
p r o c e s s  i n  t h e  z o n e  o f  n o c t i l u c e n t  c l o u d s .  The c l o u d  p a r t i c l e s  w e r e  
f o u n d  t o  h a v e  a r o u g h l y  s p h e r i c a l  s h a p e .  The c o n d e n s e d  s u b s t a n c e  
e v a p o r a t e d  r a p i d l y ,  l e a v i n g  r o u n d  t r a c e s  o n  t h e  s p e c i a l  s u r f a c e  o f  
a s a m p l e r .  S o l i d  p a r t i c l e s  w h i c h  a l s o  h a d  a s p h e r i c a l  s h a p e  w e r e  
f o u n d  a t  t h e  c e n t e r  o f  t h e s e  c l o u d  p a r t i c l e s .  The s o l i d  p a r t i c l e s ,  
w h i c h  p l a y e d  t h e  r o l e  o f  c o n d e n s a t i o n  n u c l e i ,  a p p e a r e d  t o  b e  p r o d u c t s  
o f  t h e  v o l a t i l i z a t i o n  o f  m e t e o r o i d s  i n  t h e  u p p e r  l a y e r s  o f  t h e  a t -  
m o s p h e r e .  T h i s  w a s  c o n f i r m e d  by a n  a n a l y s i s  o f  t h e i r  c h e m i c a l  
c o m p o s i t i o n  C451. A c c o r d i n g  t o  t h e  r e a c t i o n  w i t h  t h e  c a l c i u m  s u r f a c e  
o f  t h e  s a m p l e r ,  t h e  a u t h o r s  o f  t h i s  e x p e r i m e n t  c o n s i d e r e d  t h a t  t h e  
c o n d e n s e d  p a r t  o f  t h e  c l o u d  p a r t i c l e s  c o n s i s t e d  o f  w a t e r .  The 
f i r s t  d i r e c t  e x p e r i m e n t  s h o u l d  e n c o u r a g e  more o b j e c t i v e  a n a l y s i s  of 
b r o a d e r  i n f o r m a t i o n  i n  t h e  f u t u r e .  I n  s u b s e q u e n t  e x p e r i m e n t s ,  i t  
w i l l  b e  n e c e s s a r y  t o  make a more d e t a i l e d  c h e m i c a l  a n a l y s i s  o f  t h e  
c l o u d  p a r t i c l e s .  T h i s  n e e d  r e s u l t s  f r o m  t h e  f o l l o w i n g  c i r c u m s t a n c e s .  
T h e r e  a r e  a number  o f  b a s i c  d i f f i c u l t i e s  i n  u n d e r s t a n d i n g  t h e  p h y s i -  
c a l  a n d  c h e m i c a l  p r o c e s s  o f  t h e  f o r m a t i o n  o f  n o c t i l u c e n t  c l o u d s  
f r o m  w a t e r  v a p o r .  One o f  t h e  p r i n c i p a l  f a c t o r s  i s  s o l a r  r a d i a t i o n ,  
w i t h  a w a v e l e n g t h  f r o m  1 7 5 0  t o  2400 8 ,  p e n e t r a t i n g  a l m o s t  t o  6 0  km; 
t h i s  c a u s e s  p h o t o d i s s o c i a t i o n  o f  H20. T h i s  p r o b l e m  i s  e x a m i n e d  i n  - / 2 6  
d e t a i l  i n  a n  a r t i c l e  i n  t h i s  c o l l e c t i o n  w r i t t e n  by  I . A .  K h v o s t i k o v ,  
a n d  a l s o  i n  c 4 4 ,  4 6 ,  4 7 1 .  By d i f f e r e n t  t y p e s  o f  d i s s o c i a t i o n ,  t h e  
H 2 0  m o l e c u l e s  c a n  d i s i n t e g r a t e  i n  t h e  f o l l o w i n g  r e a c t i o n s :  

The d i s c r e t e  a b s o r p t i o n  s e c t i o n  o f  H20 f o r  t h e  e n t i r e  u l t r a -  
v i o l e t  s p e c t r a l  r e g i o n  g i v e  a s i g n i f i c a n t  v a l u e .  For e x a m p l e ,  
d u r i n g  l a b o r a t o r y  s p e c t r o p h o t o m e t r i c a l  a n a l y s i s ,  i r r a d i a t i o n  o f  a 
d e f i n i t e  v o l u m e  of  a i r  c a n  c a u s e  a b r u p t  a n d  r a p i d  p h o t o c h e m i c a l  
c h a n g e s  i n  t h e  vacuum u l t r a v i o l e t  r e g i o n .  I n  o r d e r  t o  o b t a i n  s t a b l e  
a n d  r e l i a b l e  r e s u l t s ,  t h e  gas  b e i n g  a n a l y z e d  i s  b l o w n  t h r o u g h  a g a p  
b e t w e e n  t h e  w o r k i n g  o p e n i n g s  o f  t h e  a n a l y z e r  d u r i n g  t h e  t i m e  o f  t h e  
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analysis C481. 

In the mesosphere at high latitudes, the processes of photo- 
dissociation act continuously during the entire summer period. 
From May to August (i.e., during the period when noctilucent clouds 
appear most frequently), the Sun practically does not go beyond 
the horizon in the upper half of the mesosphere. The recombination 
reactions are effective during the night hours, :.e., when there is 
no dissociating solar radiation. All this causes great difficulty 
in understanding the process of accumulation of H20 molecules and 
their subsequent condensation in noctilucent clouds. 

It is obvious that water vapor can be "at rest" only when it 
is below 30 km, i.e., below the shielded ozone layerowhich absorbs 
solar radiations with wavelengths shorter than 2950 A. 

Therefore, I.A. Khvostikov c441 and other authors [39, 49-511 
have examined various working hypotheses on the transfer of water 
vapor into the mesosphere or its formation in the immediate vicinity 
of the noctilucent clouds, if only at the time of their appearance. 
It is possible that the sporadic cases when noctilucent clouds 
were formed from water ;.apor were the result of a coincidence of 
advantageous conditions which allowed the water vapor to exist for 
a certain time under equilibrium conditions in the upper part of 
the mesosphere. However, we are still not completely sure of this 
problem. Therefore, further research studies, both experimental 
and theoretical, are quite necessary. 

In relation to this, the American rocket experiments with 
spraying large quantities of water at altitudes of 100-150 km (86 

incidental experiments showed an almost instantaneous disappearance 
of the large masses of water in the mesosphere. The enormous local 
supersaturation of water vapor d i d  not cause even a temporary cloud 
formation. There can be two explanations for this: either the 
temperature of the mesosphere over Cape Kennedy was too high on 
October 27, 1961 and April 25, 1962 and the saturation pressure of 
the water vapor was not sufficient for its condensation C521, or, 
during the process of the spraying, the water vapor rapidly ceased 
to be affected by the processes of photodissociation and dissociated 
into simpler gas molecules and atoms. This type of experiment should 
be repeated in a region where noctilucent clouds actually are pres- 
ent. It is very possible that there is another substance (other 
than H20) in a vapor state in the mesosphere which condenses at 
times into a thin layer of blue clouds. 

tons) and 90 km (95 tons) are particularly interesting. These /27 

Another factor which does not completely conform with the 
observations is the chromaticity of noctilucent clouds. Clouds 
which consist of water vapor have a white color. Nacreous clouds, 
which consist of ice crystals, display all the colors of the rain- 
bow during illumination by the Sun. Noctilucent clouds never be- 
come irridescent; they have an azure-blue tint. Only when nocti- 
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l u c e n t  c l o u d s  a r e  i n  t h e  v i c i n i t y  o f  t h e  h o r i z o n  a n d  a f f e c t e d  b y  
t h e  l o w e r  l a y e r s  o f  t h e  t r o p o s p h e r e  d o  t h e y  s o m e t i m e s  s e e m  ( t o  t h e  
t e r r e s t r i a l  o b s e r v e r )  t o  a c q u i r e  a l i g h t  w h i t i s h  or y e l l o w i s h  s h a d e .  
N o c t i l u c e n t  c l o u d s  a r e  p e r s i s t e n t l y  a z u r e - b l u e  w h e r e  t h e  i n t e r -  
f e r e n c e s  o f  t h e  d u s t - f i l l e d  a t m o s p h e r e  a r e  i n s i g n i f i c a n t  ( f o r  
e x a m p l e ,  i n  t h e  r e g i o n  a r o u n d  t h e  z e n i t h ) .  The c h r o m a t i c i t y  of 
n o c t i l u c e n t  c l o u d s  d e p e n d s  on t h e i r  c o m p o s i t i o n  a n d  o n  t h e  d i m e n -  
s i o n s  o f  t h e  c l o u d  p a r t i c l e s .  H igh  c i r r u s  a n d ,  i n  p a r t i c u l a r ,  
n a c r e o u s  c l o u d s  r e s e m b l e  n o c t i l u c e n t  c l o u d s  i n  t h e  d i m e n s i o n s  o f  
t h e  c l o u d  p a r t i c l e s ,  b u t  t h e y  a r e  n e v e r  p e r s i s t e n t l y  a z u r e - b l u e .  
T h i s  m e a n s  t h a t  a z u r e - b l u e  v a p o r s  o f  some s u b s t a n c e  o t h e r  t h a n  H20 
t a k e  p a r t  i n  t h e  p r o c e s s  o f  c o n d e n s a t i o n .  M o r e o v e r ,  t h e  c o n d e n s e d  
s u b s t a n c e  d o e s  n o t  c o n v e r t  i n t o  a s o l i d ,  c r y s t a l  s t a t e ,  b u t  r e m a i n s  
i n  a v a p o r  s t a t e .  The w a t e r  s p r a y e d  a t  a l t i t u d e s  o f  9 0 - 1 5 0  km o v e r  
Cape Kennedy i n  1 9 6 1  a n d  1 9 6 2  w a s  a l m o s t  i n s t a n t a n e o u s l y  c o n v e r t e d  
i n t o  a w h i t e  g l o b u l a r  c l u s t e r  o f  i c e  c r y s t a l s  w h i c h  d i s a p p e a r e d  
w i t h o u t  a t r a c e  w i t h i n  1 0 - 1 2  s e c  ( s e e  a b o v e ) .  

The p r o p e r t i e s  m e n t i o n e d  a b o v e  ( a s  w e l l  a s  o t h e r s  n o t  m e n t i o n e d )  
a r e  s t i l l  i n e x p l i c a b l e  a n d  r e q u i r e  more  a t t e n t i v e  e x a m i n a t i o n s  on 
t h e  p a r t  o f  t h e  o b s e r v e r s .  I n  r e l a t i o n  t o  t h i s ,  i t  seems e x p e d i e n t  
t o  e x a m i n e  a r a t h e r  d i f f e r e n t ,  b u t  p r o b a b l e ,  m o d e l  f o r  t h e  f o r m a t i o n  
o f  n o c t i l u c e n t  c l o u d s .  The b a s i s  for t h i s  m o d e l  i s  o x y g e n  - t h e  
m o s t  a b u n d a n t  e l e m e n t  on e a r t h .  I n  a f r e e  or c h e m i c a l l y  b o u n d  
s t a t e ,  o x y g e n  c o n s t i t u t e s  a l m o s t  h a l f  t h e  mass o f  t h e  E a r t h .  I t  
makes  up a b o u t  8 6 %  o f  t h e  mass o f  t h e  o c e a n  w a t e r .  I n  t h e  a t m o s -  
p h e r e ,  g a s e o u s  o x y g e n  c o n s t i t u t e s  r o u g h l y  23% o f  t h e  mass a n d  2 1 %  
o f  t h e  v o l u m e  o f  d r y  a i r .  The h y d r o m e t e o r o l o g i c a l  p r o c e s s e s  o f  t h e  
a t m o s p h e r e  e x t e n d i n g  t o  a n  a l t i t u d e  o f  1 0 0 - 1 2 0  km a r e  d u e  t o  v a r i o u s  - / 2 8  
c h e m i c a l  a n d  p h y s i c a l  o c c u r r e n c e s  o f  o x y g e n .  

L i q u i d  h y d r o g e n  o x i d e  ( l i q u i d  H20) f o r m s  t h e  o c e a n s ,  s e a s ,  a n d  
r i v e r s .  They a b s o r b  i n c i d e n t  s h o r t - w a v e  r a d i a t i o n  a n d  c o n v e r t  i t  
t o  t h e r m a l  r a d i a t i o n .  T o g e t h e r  w i t h  t h e  v a p o r  p h a s e  o f  H20, t h e  
h y d r o s p h e r e  a n d  a t m o s p h e r e  f o r m  t h e  t h e r m a l  r e g i m e  o f  t h e  t r o p o s p h e r e .  
I n  t h e  t r o p o s p h e r e ,  a l a r g e  q u a n t i t y  o f  d i f f e r e n t  t y p e s  o f  v a p o r i z e d  
H20 c l o u d s ,  a s  w e l l  a s  t h e  m o i s t u r e  c o n t e n t  w h i c h  d i d  n o t  f o r m  
c l o u d s ,  p a r t i c i p a t e  a c t i v e l y  i n  t h e  r a d i a t i o n  e x c h a n g e  o f  t h e  a t -  
m o s p h e r e .  The h i g h e s t  H20 c l o u d s  a r e  t h e  n a c r e o u s  o n e s .  They a r e  
f o r m e d  u n d e r  c e r t a i n  c o n d i t i o n s  o v e r  t h e  m o u n t a i n  r e g i o n s  o f  Norway 
a n d  C a n a d a ,  p r i m a r i l y  d u r i n g  t h e  w i n t e r  m o n t h s .  M o i s t  a i r  f l o w s  
a r o u n d  m o u n t a i n  p e a k s  t o  a l t i t u d e s  o f  25 -29  km, a n d  t h e  l e n t i c u l a r  
l l l e n s e s ' l  o f  n a c r e o u s  c l o u d s  a r e  f o r m e d  a t  t h e  c r e s t s  o f  t h e  a i r  
w a v e s .  The m o s t  d e t a i l e d  s t u d i e s  o f  t h i s  t y p e  o f  c l o u d  w e r e  made 
b y  C .  S t b ' r m e r  i n  Norway .  Above 25 -29  km, t h e  c o n c e n t r a t i o n  o f  H20 
v a p o r  r a p i d l y  d e c r e a s e s  b e c a u s e  o f  p h o t o d i s s o c i a t i o n  ( w h i c h  b e c o m e s  
more e f f e c t i v e  a s  t h e  a l t i t u d e  i s  i n c r e a s e d ) .  T h u s ,  t h e  t h e r m o -  
d y n a m i c  p r o p e r t i e s  o f  t h e  t r o p o s p h e r e  a r e  l a r g e l y  d e t e r m i n e d  by 
t h e  work o f  l i q u i d  a n d  v a p o r i z e d  w a t e r .  

I n  t h e  m e s o s p h e r e ,  o x y g e n  o x i d e  (03) h a s  t h e  t a s k  o f  a b s o r b i n g  
u l t r a v i o l e t  r a d i a t i o n  ( s h o r t e r  t h a n  3 0 0 0  8 )  a n d  h e a t  t r a n s f e r .  
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T h u s ,  t h e  g e g i o n  w i t h  t h e  maximum 03 c o n t e n t  for r a d i a t i o n  s h o r t e r  
t h a n  3000 A i s  t h e  a b s o r b i n g  l a y e r .  The s t r u c t u r e  o f  t h i s  l a y e r  i s  
n o t  u n i f o r m .  A s  i n  t h e  h y d r o s p h e r e ,  t h e  t e m p e r a t u r e  i n c r e a s e s  w i t h  
a l t i t u d e  ( w i t h i n  a n  i n t e r v a l  o f  3 0 - 5 0  km) a n d  i t  r e a c h e s  a maximum 
i n  t h e  r e g i o n  o f  50 -55  km C531. 

The f l o c c u l e n t  s t r u c t u r e  o f  t h e  o z o n o s p h e r e  p r o d u c e s  a c o m p l e x  
s y s t e m  o f  m e s o - s c a l e  c o n v e c t i v e  a n d  t u r b u l e n t  m o t i o n s  o f  t h e  a t m o s -  
p h e r e .  The m o s t  p o w e r f u l  o n e s  r i s e  u p w a r d  t o  t h e  h e i g h t  o f  n o c t i -  
l u c e n t  c l o u d s ,  f o r m i n g  c e r t a i n  m o r p h o l o g i c a l  s h a p e s  i n  t h e  c l o u d  
l a y e r .  A t  a l t i t u d e s  h i g h e r  t h a n  50 km, t h e r e  i s  a p p a r e n t l y  a mech- 
a n i s m  f o r  r a d i a t i o n a l  c o o l i n g  o f  t h e  a t m o s p h e r e ;  a d e e p  t e m p e r a t u r e  
minimum i s  f o u n d  i n  t h e  m e s o p a u s e  a s  a r e s u l t  o f  t h i s  c o o l i n g .  

T h r o u g h o u t  t h e  e n t i r e  m e s o s p h e r e ,  t o  a n  a l t i t u d e  o f  1 0 0 - 1 2 0  km, 
t h e  o x y g e n  i s  m a i n l y  i n  a m o l e c u l a r  s t a t e .  I t  i s  e x p e d i e n t  t h a t  w e  
e x a m i n e  m o r e  c l o s e l y  t h e  p o s s i b i l i t i e s  f o r  a c o n v e r s i o n  f r o m  g a s e o u s  
o x y g e n  or p o l y m e r i c  o x y g e n  compounds  ( 0 3 ,  0 4 ,  e t c . )  t o  a v a p o r  
p h a s e  w h i c h  c a n  f o r m  c l o u d s  l i k e  t h e  n o c t i l u c e n t  o n e s .  The a b s o r p -  
t i o n  s p e c t r u m  o f  l i q u i d  o x y g e n  i s  g i v e n  i n  F i g u r e  1 2  a c c o r d i n g  t o  

t h e  l i g h t  i n t e n s i t y  o f  n o c t i l u c e n t  c l o u d s  a r e  p l o t t e d  i n  r e l a t i v e  
u n i t s  i n  t h i s  f i g u r e  [ 5 5 ] .  The s p e c t r a  w e r e  o b t a i n e d  i n  1 9 5 1  w i t h  
t h e  a i d  o f  a s i n g l e - p r i s m  s p e c t r o g r a p h .  The d i s p e r s i o n  w a s  e x t r e m e -  
l y  low a n d  c h a n g e d  f r o m  3 0 0  8 f o r  1 m m  i n  t h e  b l u e  t o  3 0 0 0  8 f o r  
1 m m  i n  t h e  r e d  p a r t  o f  t h e  s p e c t r u m .  The l e n g t h  o f  t h e  p h o t o -  
g r a p h i c  i m a g e  o f  t h e  s p e c t r u m  v a s  2 . 7  m m  i n  t h e  n e g a t i v e .  The 

t h e  d a t a  i n  C 5 4 1 .  T h r e e  c u r v e s  f o r  t h e  s p e c t r a l  d i s t r i b u t i o n  o f  j29 

I 

--'I1 

-18111 

F i g .  1 2 .  C u r v e s  o f  t h e  S p e c t r a l  D i s t r i b u t i o n  o f  t h e  I n t e n s i t y  ( i n  
R e l a t i v e  U n i t s )  o f  N o c t i l u c e n t  C l o u d s ,  a n d  t h e  S c h e m a t i c  D i a g r a m  
o f  t h e  L i q u i d  Oxygen A b s o r p t i o n  B a n d s  ( L i n e s ) .  ( I )  J u n e  2 2 - 2 3 ;  
( 1 1 )  J u l y  6 - 7 ;  ( 1 1 1 )  A v e r a g e  C u r v e  f o r  T h r e e  Da tes  i n  1 9 5 1  when 

N o c t i l u c e n t  C l o u d s  A p p e a r e d .  
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relative distribution of the spectral segments was determined by 
the scale of the recording microphotometer (1:400). The possible 
error in determining the wavelength could reach * 300 8 in the red 
and f 50 8 in the blue. Unfortunately, we do not have any infor- 
mation on how to examine the spectrum of noctilucent clouds with a 
higher resolution. Therefore, it is very possible that there are 
such errors in the position of the maxima and minima in the spectral 
distribution. 

A qualitative analysis of these curves for the oxygen absorption 
bands shows that there are certain rules for their arrangemen;. 
The two high-capacity liquid oxygen bands ( A X 4  = 5640 - 5826 A and 
A X 5  = 6160 - 6368 8 )  coincide almost exactly, with a deep minimum 
in the spectral distribution of the primarily reflected light of 
the noctilucent clouds. On the other hand, there is an abrupt in- 
crease in the light intensity of the noctilucent clouds in the 
region of rare and rather weak 02 absorption bands. We can see 
that there is a coincidence (although a less reliable one) between 
the weak absorption bagds ( A X 1  = 4180 - 4208 8 ,  A X 2  = 4456 - 4481 1, 
and A X 3  = 4710 - 4802 A) and the corresponding small minima (which 
are not always very clear) in the spectral distribution of the light 

the references that liquid oxygen has a pale blue color which close- 
ly resembles the color of noctilucent clouds. We consider this 
agreement between the spectrum of noctilucent clouds and that of 
liquid oxygen very significant. In relation to this, it is ex- 
tremely important that special' studies be conducted to investigate 
the conditions for the formation of oxygen vapor (or that of its 
polymers) and its condensation or agglomeration as applied to a 
complex of physical and chemical processes prevailing in the meso- 
sphere. The existing thermophysical characteristics of the phase 
states of oxygen were based on experimental'data obtained in labora- 
tories with pressures from many atmospheres to 1 mm Hg C561. The 
conditions of a free atmosphere, low pressure (from 0.01 to 0.001 
mm HgO, the electrostatic forces of the condensation nuclei, and 
many other factors were not considered in these experiments. More- 
over the properties of oxygen polymers have been studied only in 
isolated articles. The paramagnetic properties of liquid oxygen 
could play an important part in the process of its condensation or 
the agglomeration of individual primary clusters of molecules in 
charged particles formed by the evaporation of meteors, 

of noctilucent clouds. It follows from Figure 12 and the data in /30 

We should keep in mind that there is much in the theory of 
condensation itself that is still unclear when the conditions of 
the process differ substantially from the regular moist atmosphere 
C571. 

There is a powerful thermodynamic mechanism which acts in the 
mesosphere, at least during the period when noctilucent clouds 
exist. As we have shown above, the wave oscillations and convective 
currents rapidly raise and lower large volumes of air. The con- 
ditions are set for its periodic cooling, roughly by looo K. 
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M u l t i p l e  r e p e t i t i o n s  o f  t h i s  p r o c e s s  d u r i n g  a r e l a t i v e l y  s h o r t  t i m e  
i n t e r v a l  c a n  c a u s e  a c c u m u l a t i o n  o f  p r i m a r y  a m a l g a m a t i o n s  o f  o x y g e n  
(or i t s  p o l y m e r s )  m o l e c u l e s .  T h e i r  c o n d e n s a t i o n  or a g g l o m e r a t i o n  
a r o u n d  t h e  c o n d e n s a t i o n  n u c l e i  b e g i n s  i n  t h e  r e g i o n  w i t h  t h e  g r e a t e s t  
c o o l i n g .  S u b s e q u e n t l y ,  t h e  c l o u d  p a r t i c l e s  c a n  r e p r e s e n t  r e l a t i v e l y  
s m a l l  g a s e o u s  ( l o o s e )  a c c u m u l a t i o n s  of o x y g e n  m o l e c u l e s  (or p o l y m e r s )  
a r o u n d  t h e  c o n d e n s a t i o n  n u c l e i .  T h i s  c o n d i t i o n  c a n  b e  e x t r e m e l y  
u n s t a b l e ,  a n d  c a n  b e  d i s r u p t e d  by  e v a p o r a t i o n  a s  s o o n  a s  t h e  p r o p e r -  
t i e s  of  t h e  medium become  d i s a d v a n t a g e o u s  f o r  t h e  wave o s c i l l a t i o n  
o f  t h e  a t m o s p h e r e .  

S u b s e q u e n t l y ,  p h o t o d i s s o c i a t i o n  o f  m o l e c u l a r  o x y g e n  b e g i n s  t o  /31 
p r e d o m i n a t e  a t  p o i n t s  h i g h e r  t h a n  1 3 0  km. Oxygen m o l e c u l e s  c a n  
e x i s t  i n  t h e  m e s o s p h e r e  f o r  a r e l a t i v e l y  l o n g  p e r i o d  u n d e r  t h e  
d i r e c t  r a y s  o f  t h e  S u n .  M o r e o v e r ,  i t  m i g h t  n o t  b e  0 2 ,  b u t  0 3  or 
h i g h e r  o x y g e n  p o l y m e r s  w h i c h  t a k e  p a r t  i n  t h e  f o r m a t i o n  o f  n o c t i -  
l u c e n t  c l o u d s .  T h i s  f a v o r s  h i g h e r  t e m p e r a t u r e s  f o r  t h e  t h e r m o -  
p h y s i c a l  p r o p e r t i e s  o f  t h e i r  v a p o r i z a t i o n .  For e x a m p l e ,  t h e  b o i l i n g  
t e m p e r a t u r e  o f  0 3  i s  71O K h i g h e r  t h a n  t h a t  for 0 2 .  

The t h e r m o p h y s i c a l  p r o p e r t i e s  o f  t h e  h i g h e r  p o l y m e r s  h a v e  n o t  
b e e n  s t u d i e d  i n  g r e a t  d e t a i l .  

O b v i o u s l y ,  t h e r e  s h o u l d  b e  a c l o s e  g e n e t i c  c o n n e c t i o n  b e t w e e n  
t h e  p r o c e s s  o f  o x y g e n  c l o u d  f o r m a t i o n  a n d  t h e  a c t i v i t y  o f  e l e m e n t a r y  
p h o t o c h e m i c a l  p r o c e s s e s  i n  t h e  m e s o s p h e r e .  I n  t h i s  r e s p e c t ,  t h e  
o b s e r v a t i o n s  o f  N . N .  S h e f o v ,  who d i s c o v e r e d  a n  i n c r e a s e  i n  t h e  i n -  
t e n s i t y  o f  O H  a n d  0 2  e m i s s i o n s  d u r i n g  t h e  a p p e a r a n c e  o f  n o c t i l u c e n t  
c l o u d s  [ 5 8 ] ,  a r e  v e r y  i n t e r e s t i n g .  

A c o n f i r m a t i o n  o f  t h e  o x y g e n  m o d e l  f o r  n o c t i l u c e n t  c l o u d s  c o u l d  
b e  o f  i m p o r t a n t  v a l u e  i n  u n d e r s t a n d i n g  t h e  p h y s i - c s  o f  t h e  e n t i r e  
a t m o s p h e r e  o f  t h e  E a r t h .  I n  p a r t i c u l a r ,  i t  c o u l d  a i d  i n  a s i m i l a r  
e x p l a n a t i o n  o f  t h e  c o m p o s i t i o n  o f  H o f f m e i s t e r ' s  l u m i n o u s  b a n d s  [59] 
w h i c h  a r e  now v e r y  p u z z l i n g  ( f o r  e x a m p l e ,  t h o s e  o f  a t o m i c  o x y g e n ) .  
T h i s  phenomenon  has b e e n  o b s e r v e d  a n d  s t u d i e d  p r i m a r i l y  by C .  H o f f -  
m e i s t e r  i n  S o n n e b e r g  ( G e r m a n y ) .  The l u m i n o u s  b a n d s  a r e  l o c a t e d  a t  
a n  i n t e r v a l  o f  9 0  - 1 8 0  km ( h i g h e r  t h a n  n o c t i l u c e n t  c l o u d s ) .  A t o m i c  
o x y g e n  p r e d o m i n a t e s  t h e r e ,  a n d  t h e  r a d i a t i o n  c o n d i t i o n s  f o r  t h e  
e x i s t e n c e  o f  a n y  c l o u d s  t h e r e  a r e  e v e n  more  r i g i d .  

The p r o b l e m  o f  n o c t i l u c e n t  c l o u d s  i s  c l o s e l y  r e l a t e d  t o  t h e  
u n d e r s t a n d i n g  o f  t h e  p h y s i c s  o f  a t m o s p h e r e s  o f  Mars a n d  V e n u s .  
T h e r e  a r e  b l u e  c l o u d s  a n d  e v e n  e n t i r e  v i o l e t  a t m o s p h e r i c  l a y e r s  on 
t h e s e  p l a n e t s .  They h a v e  b e e n  c o m p a r e d  many t i m e s  w i t h  n o c t i l u c e n t  
c l o u d s  [ 6 0 ] .  T h e i r  c h e m i c a l  c o m p o s i t i o n  i s  s t i l l  u n c l e a r .  The 
l a c k  o f  H 2 0  i n  t h e  M a r t i a n  a t m o s p h e r e  e x c l u d e s  t h e  p o s s i b i l i t y  o f  
t h e i r  f o r m a t i o n  f r o m  w a t e r  v a p o r s .  H o w e v e r ,  t h e i r  c l o u d  p a r t i c l e s  
a r e  i n  a l i q u i d  p h a s e ,  a c c o r d i n g  t o  p o l a r i z a t i o n  m e a s u r e m e n t s  C 6 1 1 .  
The s e a s o n a l i t y  o f  t h e i r  a p p e a r a n c e  ( s u m m e r ) ,  t h e  c o n d i t i o n s  for 
t h e i r  b e s t  v i s i b i l i t y  ( t e r m i n a t o r )  [ 6 2 ] ,  a s  w e l l  a s  t h e  d i s c r i m i n a -  
t i o n  i n  r e l a t i o n  t o  t h e  u n d e r l y i n g  s u r f a c e  [ 6 1 ]  a n d  t h e i r  h i g h e r  
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a l t i t u d e s  [ S O ]  i n d i c a t e  a c l o s e  c o n n e c t i o n  b e t w e e n  t h e m  a n d  n o c t i -  
l u c e n t  c l o u d s .  The h e i g h t  o f  t h e  b l u e  c l o u d s  o n  Mars i s  a p p a r e n t l y  
a b o u t  1 0 0  km. T h e r e  i s  a l e v e l  o f  b l u e  h a z e  a n d  c l o u d  b a n d s  
v i s i b l e  i n  t h e  b l u e  r a y s  o n  V e n u s ,  a l t h o u g h  i t  i s  l e s s  c l e a r  C 6 3 1 .  
I n  d i f f e r e n t  m o d e l s ,  t h e  h e i g h t  o f  t h i s  l e v e l  h a s  b e e n  e v a l u a t e d  
a s  1 0 0  a n d  40 km. The f i g u r e  of  1 0 0  km seems t o  b e  m o r e  p l a u s i b l e .  

C o n c l u s i o n s  

(1) M o r p h o l o g i c a l  s t u d i e s  a r e  f i n d i n g  i m p o r t a n t  p r o p e r t i e s  i n  /3:  - 
t h e  p h y s i c a l  n a t u r e  o f  n o c t i l u c e n t  c l o u d s .  

( 2 )  The r e s u l t s  o f  m o r p h o l o g i c a l  s t u d i e s  a r e  b e i n g  u s e d  for 
t h e  d e v e l o p m e n t  o f  p h y s i c a l  a n d  c h e m i c a l  s t u d i e s  o f  n o c t i l u c e n t  
c l o u d s .  

( 3 )  The c o n d e n s a t i o n  t h e o r y  o f  n o c t i l u c e n t  c l o u d s  i s  t h e  
m o s t  p r o b a b l e  o n e .  

( 4 )  The c h e m i c a l  c o m p o s i t i o n  o f  t h e  c o n d e n s e d  m a t e r i a l  i n  
n o c t i l u c e n t  c l o u d s  s h o u l d  b e  s t u d i e d  i n  g r e a t e r  d e t a i l .  I n  t h e  
m e a n t i m e ,  we c a n n o t  a s s u m e  t h a t  w a t e r  v a p o r  is t h e  o n l y  p o s s i b l e  
s u b s t a n c e  c o m p r i s i n g  t h e  c o n d e n s e d  p a r t  o f  n o c t i l u c e n t  c l o u d s .  I n  
t h i s  r e g a r d ,  i t  i s  e x p e d i e n t  t h a t  f u t u r e  e x p e r i m e n t a l  a n d  t h e o r e t i -  
c a l  s t u d i e s  t a k e  t h e  p r o b a b l e  c o m p o s i t i o n s  o f  n o c t i l u c e n t  c l o u d s  
i n t o  a c c o u n t .  
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T H E  C O N D I T I O N S  F O R  T H E  F O R M A T I O N  A N D  E X I S T E N C E  O F  H20 
M O L E C U L E S  IN T H E  M E S O S P H E R E  

I.M. K r a v c h e n k o  a n d  I . A .  K h v o s t i k o v  

ABSTRACT: The c o n d i t i o n s  f o r  t h e  f o r m a t i o n  and 
e x i s t e n c e  o f  H Z 0  moZecu2es i n  t h e  mesosphere  
a r e  examined .  The ana2yses  show t h a t  a genera2  
q u a n t i t a t i v e  t h e o r y  of t h e  pho tochemica2  p r o -  
c e s s e s  i n  t h e  dynamica22y a c t i v e  a tmosphere  can 
be  c o n s t r u c t e d  on t h e  b a s i s  of an e q u a t i o n  o f  
d i s c o n t i n u i t y .  

1 

It is well known that there are two theories on the origin of /35 - 
noctilucent cl.ouds. For the sake of brevity, we will call them the 
"water theory" and the "dust theory" [l]. The long-term arguments 
concerning these theories [ 2 1  were brought to an end by a discovery 
resulting from the Swedish-American experiments testing the sub- 
stance of noctilucent clouds with the aid of rockets [ 3 ] .  This 
discovery demonstrated the high humidity of the air in the meso- 
pause during the period when noctilucent clouds appear: ice was 
found in the composition of the particles in noctilucent clouds. 

This result is of particular significance in the physics of 
the atmosphere and outer space. Actually, an experimental confir- 
mation of the dust theory for noctilucent clouds would not have 
been a great discovery, since the presence of a dust-like substance 
in the meteor zone of the Earth's atmosphere, constantly introduced 
by meteors and meteor streams, is a solidly established fact. On 
the other hand, the possibility that large concentrations of water 
vapor exist in the mesopause had been refuted by many researchers 
[l]. We should mention that the water theory assumes (and does not 
refute) the presence of dust particles in the composition of 
noctilucent clouds. They are necessary as condensation nuclei. 
The regular (tropospheric) clouds must necessarily have condensa- 
tion nuclei in their drops and crystalline particles; moreover, 
these condensation nuclei must be mainly dust particles. Nocti- 
lucent clouds appear in the meteor zone of the atmosphere; 
thus, it is natural to expect that dust particles of meteoric 
origin should be the primary condensation nuclei in noctilucent 
clouds. 

However, the interpretation of the results of the Swedish- 
American experiments cannot be considered conclusive. There is 
not always a good correspondence between the indications of the 
instruments on the high-speed rockets and the real properties of 
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I 

t h e  f r e e  a t m o s p h e r e .  The  u s e  o f  r o c k e t s  for a s t u d y  o f  n o c t i -  
l u c e n t  c l o u d s  n e c e s s i t a t e s  a n a l y s e s  o f  t h e  t h e o r y  f o r  i n t e r p r e t a -  
t i o n s .  The c i r c u m s t a n c e s  w h i c h  m u s t  b e  c o n s i d e r e d  i n  d e v e l o p i n g  
t h i s  t h e o r y  h a v e  b e e n  d e s c r i b e d  i n  a n  a r t i c l e  w r i t t e n  by  o n e  o f  
u s  [ 4 ] .  The l a r g e  number  o f  p a r t i c l e s  f o u n d  o n  t h e  d a y  t h e  r o c k e t  
a s c e n d e d  i n t o  t h e  n o c t i l u c e n t  c l o u d s  c a n  b e  e x p l a i n e d  by t h e  f a c t  
t h a t  d r y  d u s t  p a r t i c l e s  f l o w  a r o u n d  t h e  s a m p l e r  o f  t h e  r o c k e t  t o -  
g e t h e r  w i t h  t h e  i n c i d e n t  a i r  f l o w ,  w h i l e  d u s t  p a r t i c l e s  w i t h  i c e  
c r u s t s  ( w h i c h  h a v e  a g r e a t e r  m a s s )  a r e  a t t r a c t e d  l e s s  e a s i l y  b y  t h e  
c i r c u m f l u e n t  a i r  c u r r e n t .  The i n c r e a s e  i n  t h e  m e t e o r  a c t i v i t y  
f r o m  A u g u s t  7 t o  11 s h o u l d  a l s o  b e  c o n s i d e r e d .  The e f f e c t  o f  t h e  
i n c i d e n t  f l o w  a r o u n d  t h e  s a m p l e r  c a n  a l s o  e x p l a i n  t h e  i n c r e a s e  i n  
t h e  r e l a t i v e  p e r c e n t a g e  o f  m i n u t e  d u s t  p a r t i c l e s  d u r i n g  t h , e  a s c e n t  / 3 6  
i n t o  t h e  c l o u d s .  The d r y n e s s  o f  t h e  s m a l l  p a r t i c l e s  c a n  b e  e x -  
p l a i n e d  by  t h e  e f f e c t  o f  a b o u n d a r y  l a y e r  o f  g r e a t l y  h e a t e d  a i r  a t  
t h e  n o s e  o f  t h e  r o c k e t  a n d  n e a r  t h e  s a m p l e r .  The yaw o f  t h e  
r o c k e t  a n d  t h e  c h a n g e  i n  t h e  a n g l e  o f  a t t a c k  s h o u l d  a l s o  b e  
c o n s i d e r e d .  

- 

2 

The f o l l o w i n g  t h r e e  c o n d i t i o n s  a r e  n e c e s s a r y  f o r  t h e  a p p e a r -  
a n c e  o f  i c . e  p a r t i c l e s  i n  t h e  m e s o p a u s e :  ( a )  t h e  p r e s e n c e  o f  s u i t a b l e  
c o n d e n s a t i o n  n u c l e i ;  f b )  a l o w  a t m o s p h e r i c  t e m p e r a t u r e ;  ( c )  h i g h  

1 h u m i d i t y  o f  t h e  a i r .  

( a )  The p r o b l e m  o f  c o n d e n s a t i o n  n u c l e i  i n  t h e  m e s o p a u s e  r e -  
m a i n s  u n s e t t l e d  t o  d a t e .  We c a n  a s s u m e  t h a t  t h e  p r o c e s s  o f  
c o n d e n s a t i o n  o f  w a t e r  v a p o r  a t  v e r y  l o w  t e m p e r a t u r e s  ( o n  t h e  o r d e r  
o f  1 3 0 - 1 5 0 ° K ) ,  w i t h  l o w  a i r  p r e s s u r e  a n d  w a t e r  v a p o r ,  d i f f e r s  
g r e a t l y  f r o m  t h e  f o r m a t i o n  o f  c l o u d s  i n  t h e  t r o p o s p h e r e .  

( b )  The w a t e r  t h e o r y  o f  n o c t i l u c e n t  c l o u d s  p r e d i c t e d  t h e  
p r i n c i p a l  c h a r a c t e r i s t i c  o f  t h e  t h e r m a l  r e g i m e  o f  t h e  m e s o p a u s e :  
t h e  o c c u r r e n c e  o f  t h e  l o w e s t  t e m p e r a t u r e s  o f  t h e  m e s o p a u s e  d u r i n g  
t h e  summer a t  f a i r l y  h i g h  l a t i t u d e s .  T h i s  c o n c l u s i o n  w a s  t h e  
n a t u r a l  c o n s e q u e n c e  o f  a d e t e r m i n a t i o n  o f  t h e  l o w  t e m p e r a t u r e s  
w h i c h  a r e  n e c e s s a r y  f o r  c o n d e n s a t i o n  o f  w a t e r  v a p o r  i n  t h e  u p p e r  
l a y e r s  o f  t h e  a t m o s p h e r e ,  made b y  a c o m p a r i s o n  w i t h  t h e  d a t a  o n  t h e  
a p p e a r a n c e  o f  n o c t i l u c e n t  c l o u d s  d u r i n g  t h e  summer a t  f a i r l y  h i g h  
l a t i t u d e s .  I n  1 9 6 1 ,  o n e  o f  u s  f o r m u l a t e d  a g e n e r a l  r u l e  w h i c h  
e x p l a i n e d  t h e  p r i n c i p a l  c h a r a c t e r i s t i c s  f o r  t h e  d i s t r i b u t i o n  o f  
n o c t i l u c e n t  c l o u d s  by  l a t i t u d e ,  a l t i t u d e ,  a n d  t i m e ,  f r o m  a s i n g l e  
p o i n t  o f  v i e w :  “ N o c t i l u c e n t  c l o u d s  a p p e a r  i n  t h e  a t m o s p h e r e  w h e r e -  
e v e r  a n d  w h e n e v e r  t h e  a i r  t e m p e r a t u r e  i s  s u f f i c i e n t l y  l o w ”  [ 5 ] .  

A r a t h e r  l a r g e  number  o f  s t u d i e s  h a v e  a l r e a d y  e x a m i n e d  t h e  
t h e r m a l  r e g i m e  o f  t h e  m e s o p a u s e  [ 5 , 6 ] .  H o w e v e r ,  i t  i s  s t i l l  n o t  
known w h a t  m e c h a n i s m  c a n  b r i n g  a b o u t  s u c h  t r e m e n d o u s  c o o l i n g  o f  
t h e  a t m o s p h e r e  C71. 
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( c )  ' R e s e a r c h e r s  m u s t  a l s o  d e v o t e  t h e i r  e f f o r t s  t o  e x p l a i n i n g  
t h e  h i g h  v a l u e s  f o r  t h e  h u m i d i t y  o f  t h e  a i r  a t  t h e  l e v e l  o f  t h e  
m e s o p a u s e  w h i c h  c a n  b e  f o u n d ,  a p p a r e n t l y ,  i n  t h e  z o n e  o f  n o c t i l u -  
c e n t  c l o u d s .  T h i s  p r o b l e m  w i l l  b e  e x a m i n e d  l a t e r  i n  more  d e t a i l .  

The m o s t  r e c e n t  s t u d i e s  h a v e  i n d i c a t e d  t h a t  t h e  h u m i d i t y  o f  t h e  
u p p e r  s t r a t o s p h e r e  ( a b o v e  3 0  km) a n d  t h e  m e s o s p h e r e  i s  l o w ,  or o n  
t h e  o r d e r  o f  B Z 3 ' 1 0 - 6  g / g  ( B  i s  t h e  r a t i o  b e t w e e n  t h e  mass  o f  t h e  
w a t e r  v a p o r  a n d  t h e  mass o f  t h e  a i r  i n  t h e  same v o l u m e )  [ 8 ] .  The 
p r o b l e m  i s  f u r t h e r  c o m p l i c a t e d  by t h e  p r o c e s s  o f  p h o t o d i s s o c i a t i o n  
o f  H20 m o l e c u l e s  b y  u l t r a v i o l e t  s o l a r  r a y s .  The p h o t o d i s s o c i a t i n g  
solar r a d i a t i o n  p e n e t r a t e s  i n t o  t h e  a t m o s p h e r e  t o  7 0  k m ,  a n d  e v e n  
t o  6 0  km ( l o w  l a t i t u d e s )  d u r i n g  t h e  summer.  I n  t h e  l a y e r  o f  t h e  
m e s o p a u s e  f r o m  8 0  t o  8 5  k m ,  w h e r e  n o c t i l u c e n t  c l o u d s  a r e  f o r m e d ,  
t h e  c o n c e n t r a t i o n  o f  H20 m o l e c u l e s  d e c r e a s e s  b y  1 0 3 - 1 0 5  t i m e s  a s  a 

The d e c r e a s e  i n  B d u e  t o  p h o t o d i s s o c i a t i o n  c a n  b e  c o m p e n s a t e d  
by  t h e  e f f e c t  o f  a v e r t i c a l  s h i f t  o f  t h e  a t m o s p h e r e .  Above 1 0 0  k m ,  
t h e  s h i f t  c a n  b e  c a u s e d  by  m o l e c u l a r  d i f f u s i o n .  The p o s s i b i l i t i e s  
f o r  t h e  e f f e c t  o f  s u c h  a p r o c e s s  o n  a e r o n o m i c  phenomena  i n  t h e  
u p p e r  a t m o s p h e r e  of  t h e  E a r t h  w a s  f i r s t  d e s c r i b e d  by o n e  o f  u s  i n  
1 9 3 5 ;  t h i s  a s s u m p t i o n  w a s  l i n k e d  w i t h  a t h e o r e t i c a l  e x p l a n a t i o  
f o r  t h e  v a r i a t i o n s  i n  t h e  i n t e n s i t y  o f  a g r e e n  0 1  l i n e  ( A = 5 5 7 7  
i n  t h e  a i r g l o w  s p e c t r u m  [ S I .  S u b s e q u e n t l y ,  c a l c u l a t i o n s  o f  t h e  
r a t e  o f  m o l e c u l a r  d i f f u s i o n  ( a l s o  o f  a t o m i c  o x y g e n )  i n  t h e  t h e r m o -  
s p h e r e  were  p u b l i s h e d  by  N i c o l e t  [ l o ]  a n d  Mange [ll] i n  r e l a t i o n  
t o  t h e  p r o b l e m  o f  t h e  v e r t i c a l  d i s t r i b u t i o n  o f  m o l e c u l a r  a n d  
a t o m i c  o x y g e n  i n  t h e  l o w e r  t h e r m o s p h e r e .  The c a l c u l a t i o n s  f o r  t h e  
d i f f u s i o n  a n d  v e r t i c a l  t r a n s p o r t  a r e  u s e d  i n  t h e  t h e o r y  o f  t h e  
v e r t i c a l  s t r u c t u r e  o f  t h e  i o n o s p h e r e  [12]. 

r e s u l t  o f  p h o t o d i s s o c i a t i o n .  /37 

1 

The e f f e c t  o f  t h e  d y n a m i c  p r o c e s s e s  o n  t h e  d i u r n a l  c h a n g e s  i n  
t h e  e m i s s i o n  i n t e n s i t y  o f  n i g h t g l o w  w e r e  e x a m i n e d  by V . I . K r a s o v s k i y  
[ 1 3 1  a n d  H u n t e n  [ 1 4 ] .  H e s s t v e d t  [ 1 5 ]  p u b l i s h e d  t h e  r e s u l t s  o f  
c a l c u l a t i o n s  o f  t h e  v e r t i c a l  t r a n s p o r t  o f  H 2 0  m o l e c u l e s  i n  t h e  
m e s o s p h e r e .  

3 

T h e r e  i s  n o  g e n e r a l  q u a n t i t a t i v e  t h e o r y  o f  t h e  p h o t o c h e m i c a l  
p r o c e s s e s  i n  t h e  d y n a m i c a l l y  a c t i v e  a t m o s p h e r e  a t  t h e  p r e s e n t .  I t  
seems t o  u s  t h a t  s u c h  a t h e o r y  c o u l d  b e  c o n s t r u c t e d  o n  t h e  b a s i s  
o f  a n  e q u a t i o n  o f  d i s c o n t i n u i t y .  

A t  a l t i t u d e s  l e s s  t h a n  1 0 0  k m ,  t h e  c o e f f i c i e n t  o f  m o l e c u l a r  
d i f f u s i o n  i s  s m a l l  a n d  t h e  v e r t i c a l  s h i f t  o f  t h e  a t m o s p h e r e  c a n  
o c c u r  m a i n l y  b e c a u s e  o f  t u r b u l e n t  d i f f u s i o n  a s  w e l l  a s  r i s i n g  a n d  
f a l l i n g  c u r r e n t s .  L e t  V = V  ( X , Y , Z , ~ )  b e  t h e  v e l o c i t y  v e c t o r  o f  t h e  
c u r r e n t s ,  a n d  p=nmH 0 t h e  d e n s i t y  ( m a s s  p e r  u n i t  v o l u m e )  o f  t h e  
w a t e r  v a p o r  ( m  2 i s  t h e  mass o f  H 0 m o l e c u l e s ,  a n d  n i s  t h e i r  2 2 O  
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number  p e r  u n i t  v o l u m e ) .  If  t h e  H20 m o l e c u l e s  d i d  n o t  d i s i n t e -  
g r a t e  b e c a u s e  o f  p h o t o d i s s o c i a t i o n ,  a n d  were n o t  f o r m e d  by  t h e  
t y p e  o f  r e a c t i o n  d e s c r i b e d  i n  C161, t h e n  p c a n  s a t i s f y  t h e  f o l l o w -  
i n g  e q u a t i o n  o f  c o n t i n u i t y :  

'!E 4- div (pV) = 0. 
at 

The p r e s e n c e  o f  p r o c e s s e s  w h i c h  b r i n g  a b o u t  f o r m a t i o n  o f  new H 0 
m o l e c u l e 5  a n d  t h e i r  d i s i n t e g r a t i o n  r e q u i r e s  i n t r o d u c i n g  t h e  f u n c -  
t i o n  o f  t h e  p h o t o c h e m i c a l  s o u r c e  Q = Q ( x , y , z , t )  i n t o  (1):  

2 

w h e r e  Q = R - L ;  R i s  t h e  r a t e  o f  f o r m a t i o n  of new H 0 m o l e c u l e s ;  L / 3 8  
i s  t h e  r a t e  o f  t h e i r  d i s i n t e g r a t i o n .  2 - 

I t  i s  w e l l  known t h a t  a s t r o n g l y  d e v e l o p e d  t u r b u l e n c e  i s  ob -  
s e r v e d  i n  t h e  u p p e r  m e ' s o s p h e r e  a n d  t h e  l o w e r  t h e r m o s p h e r e  [16]. 

The i n s t a n t a n e o u s  v a l u e s  o f  p a n d  v c a n  b e  r e p r e s e n t e d  i n  t h e  
u s u a l  way by  t h e  f o l l o w i n g  s u m s :  

w h e r e  t h e  a p o s t r o p h e  o v e r  a c h a r a c t e r  s i g n i f i e s  t h e  a v e r a g e  w i t h  
t i m e ,  a n d  t h e  l i n e  o v e r  a c h a r a c t e r  s i g n i f i e s  t h e  p u l s a t i o n .  
T h u s ,  ( 2 )  c a n  t a k e  t h e  f o l l o w i n g  f o r m :  

I f  p a  is t h e  d e n s i t y  o f  t h e  a t m o s p h e r e ,  t h e n  p a  a n d  V a  = V 
s h o u l d  s a t i s f y  (1).  A f t e r  r e p l a c i n g  t h e  sum o f  (1) by  s i m i l a r  
sums i n  ( 3 1 ,  w e  w i l l  o b t a i n  t h e  f o l l o w i n g  ( d i s r e g a r d i n g  t h e  s m a l l  
t e r m  p i V ' ) :  

I f  we a s s u m e  t h a t  a p a / a t =  0 ,  i . e . ,  t h a t  t h e  f i e l d  o f  t h e  
d e n s i t y  o f  t h e  a t m o s p h e r e  d o e s  n o t  d e p e n d  o n  t h e  t i m e ,  a n d  i f  w e  
a s s u m e  t h a t  t h i s  f i e l d  i s  h o r i z o n t a l l y  h o m o g e n e o u s  a n d  t h a t  p a  
s a t i s f i e s  t h e  e q u a t i o n  
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it follows f r o m  ( 5 )  t h a t  

- a InT;, 
divV = - w-. 

dz 

- The  v e r t i c a l  c o m p o n e n t  o f  t h e  t u r b u l e n t  f l o w  of  water v a p o r  
p 'w ' can  t a k e  t h e  f o l l o w i n g  f o r m :  

w h e r e  K, i s  t h e  c o e f f i c i e n t  o f  t u r b u l e n t  d i f f u s i o n .  T h e  s e c o n d  
te rm i n  t h e  p a r e n t h e s e s  i n v o l v e s  t h e  c h a n g e  i n  t h e  d e n s i t y  o f  t h e  
a t m o s p h e r e  w i t h  a l t i t u d e .  L e t  u s  d e m o n s t r a t e  t h e  v a l i d i t y  o f  ( 8 ) .  
I n  t h e  t u r b u l e n t  a t m o s p h e r e  w i t h  a n o n - z e r o  g r a d i e n t  for t h e  c o n -  
c e n t r a t i o n  o f  a c e r t a i n  m i x t u r e ,  t h e  p u l s a t i o n s  o f  t h e  d e n s i t y  o f  
t h i s  m i x t u r e  a r e  c a u s e d  b y  d i s p l a c e m e n t  o f  t h e  t u r b u l e n t  e l e m e n t s .  
The v a l u e  o f  t h e s e  p u l s a t i o n s  c a n  b e  c a l c u l a t e d  b y  t h e  f o l l o w i n g  
r e l a t i o n s h i p  : 

w h e r e  a c / a z  i s  t h e  v e r t i c a l  g r a d i e n t  o f  t h e  d e n s i t y  o f  t h e  mix -  
t u r e ;  ( a p / W i n s  i s  t h e  c h a n g e  i n  t h e  i n s t a n t a n e o u s  d e n s i t y  o f  t h e  
m i x t u r e  i n  t h e  g i v e n  e d d y  d u r i n g  i t s  d i s p l a c e m e n t  i n  t h e  v e r t i c a l  

/39 ' d i r e c t i o n ;  2 '  i s  t h e  l e n g t h  o f  t h e  p a t h  o f  d i s p l a c e m e n t .  - 
L e t  u s  r emember  t h a t ,  b y  d e f i n i t i o n ,  w e  h a v e  t h e  f o l l o w i n g :  

We c a n  show t h a t ,  i n  t h e  a t m o s p h e r e  w h i c h  s a t i s f i e s  (61, we 
h a v e  t h e  f o l l o w i n g :  
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I n  c o n s t r u c t i n g  (ll), w e  a s s u m e d  t h a t  i f  p i s  t h e  d e n s i t y  ( c o n c e n -  
t r a t i o n )  o f  t h e  w a t e r  v a p o r ,  t h e n  t h e  c h a n g e  i n  p i n s i d e  t h e  t u r -  
b u l e n t  e l e m e n t  c a n  o c c u r  o n l y  a s  a r e s u l t  o f  e x p a n s i o n  o r  c o n t r a c -  
t i o n  o f  t h e  e d d y  c a u s e d  b y  a c h a n g e  i n  t h e  p r e s s u r e  a l o n g  t h e  
v e r t i c a l ,  i . e . ,  w e  c a n  d i s r e g a r d  t h e  e f f e c t  o f  t h e  p h o t o c h e m i c a l  
p r o c e s s e s ,  s i n c e  t h e  l i f e  s p a n  o f  t u r b u l e n t  e d d i e s  i n  t h e  meso-  
s p h e r e  i s  much l e s s  ( b y  s e v e r a l  o r d e r s  o f  m a g n i t u d e )  t h a n  t h e  t i m e  
w h i c h  c h a r a c t e r i z e s  t h e  r a t e  o f  t h e  p h o t o c h e m i c a l  p r o c e s s e s .  I t  
i s  e a s y  t o  s e e  t h a t  ( 8 )  f o l l o w s  f r o m  ( 9 )  t o  (11). 

L i m i t i n g  o u r s e l v e s  t o  t h e  c a s e  o f  h o r i z o n t a l  homogeneous  d i s -  

a -  
ax t r i b u t i o n  o f  t h e  w a t e r  v a p o r  = 0 ,  f r o m  w h i c h  - p r u r  = 

a n d  c o n s i d e r i n g  E q u a t i o n s  ( 6 )  t o  ( a ) ,  w e  c a n  p r e s e n t  E q u a t i o n  ( 4 )  
i n  t h e  f o l l o w i n g  f o r m :  

( t h e  a p o s t r o p h e s  h a v e  b e e n  o m i t t e d ) .  

I f ' w e  m e a s u r e  t h e  p e r c e n t a g e  o f  w a t e r  v a p o r  by t h e  r a t i o  t o  
t h e  m i x t u r e  i n  t h e  f o l l o w i n g  way: 

t h e n  ( 1 2 )  t a k e s  t h e  f o l l o w i n g  f o r m :  

w h e r e  A = p a K z  i s  t h e  c o e f f i c i e n t  o f  t h e  t u r b u l e n t  t r a n s f e r .  

L e t  u s  a t t e m p t  t o  f i n d  t h e  f u n c t i o n  o f  t h e  p h o t o c h e m i c a l  
s o u r c e ,  Q = R - L ,  w h i c h  c h a r a c t e r i z e s  t h e  r a t e  o f  t h e  c o r r e s p o n d i n g  
p h o t o c h e m i c a l  p r o c e s s e s .  We c o u l d  h a v e  a t t e m p t e d  t o  t a k e  t h e  c o n -  
c r e t e  c h e m i c a l  r e a c t i o n s  w h i c h  a f f e c t  t h e  p e r c e n t a g e  o f  w a t e r  
v a p o r  i n t o  a c c o u n t  f o r  t h i s  p u r p o s e .  H o w e v e r ,  we c a n  f i n d  a n  a p -  
p r o x i m a t i o n  f o r  t h e  f u n c t i o n  o f  Q by u s i n g  t h e  r u l e  o f  r e l a x a t i o n  
p r o c e s s e s  w h i c h  i s  w e l l  known i n  t h e r m o d y n a m i c s :  t h e  r a t e  o f  a 
c h a n g e  i n  a n y  t h e r m o d y n a m i c  p a r a m e t e r  when t h e  s y s t e m  i s  t e n d i n g  
t o  e q u i l i b r i u m  i s  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  b e t w e e n  t h e  i n -  
s t a n t a n e o u s  v a l u e  o f  t h i s  p a r a m e t e r  a n d  i t s  e q u i l i b r i u m  v a l u e .  I n  
t h e  c a s e  o f  w a t e r  v a p o r ,  t h i s  l e a d s  t o  t h e  f o l l o w i n g  e q u a t i o n :  

z 

41 



1l1l1l IIIIII IIIIIIII I I I I1 I 

w h e r e  p, = p ( 2 )  c o r r e s p o n d s  t o  t h e  p h o t o c h e m i c a l  e q u i l i b r i u m  i n  
t h e  a t m o s p h e r e  a t  r e s t ;  a i s  t h e  f a c t o r  o f  p r o p o r t i o n a l i t y .  A 
s o l u t i o n  t o  ( 1 4 )  h a s  t h e  f o l l o w i n g  f o r m :  

0 

p = ,oo + ce-at, 

w h e r e  t h e  i n t e g r a t i o n  c o n s t a n t  C i s  d e t e r m i n e d  b y  t h e  i n i t i a l  c o n -  
d i t i o n s  ( i t  i s  e q u a l  t o  t h e  d e v i a t i o n  o f  t h e  i n i t i a l  v a l u e  f o r  p 
f r o m  t h e  e q u i l i b r i u m  v a l u e ) .  I t  f o l l o w s  f r o m  t h i s  s o l u t i o n  t h a t  
ci = l / ~ , ' w h e r e  T i s  e q u a l  t o  t h e  t i m e  d u r i n g  w h i c h  C d e c r e a s e s  by  
a f a c t o r  o f  e .  

W i t h  t h e  c a l c u l a t i o n s  for T made i n  t h e  l i t e r a t u r e  [17,18], 
w e  c a n  a p p r o x i m a t e  t h e  r e l a t i o n s h i p  b e t w e e n  a a n d  t h e  a l t i t u d e  b y  
t h e  f o l l o w i n g  f o r m u l a :  

a = a0 (1 - 8e-.t2), (15) 

w h e r e  a0, 6 ,  a n d  y a r e  c o n s t a n t s .  

F i n a l l y ,  t h e  e q u a t i o n  o f  d i s c o n t i n u i t y  f o r  w a t e r  v a p o r  c a n  b e  
w r i t t e n  a s  f o l l o w s :  

d3 d 3  1 d d 3  - i- is, - - - - A, - -= go (1 - h e - Y z )  (Po - 9). 
01 dz P, dz ( dz ) 

4 

I t  i s  v e r y  d i f f i c u l t  t o  f i n d  a n  a n a l y t i c a l  s o l u t i o n  t o  s u c h  
a n  e q u a t i o n  o f  d i s c o n t i n u i t y  a s  ( 1 6 ) .  An e v a l u a t i o n  o f  t h e  o r d e r  
o f  m a g n i t u d e  o f  i n d i v i d u a l  t e r m s  i n  t h i s  e q u a t i o n  s h o w s  t h a t ,  for 
v a l u e s  o f  K, on t h e  o r d e r  o f  106-107 c m 2 / s e c  ( f r e q u e n t l y  o b s e r v e d  
i n  h i g h e r  l a y e r s  o f  t h e  a t m o s p h e r e  [16]), t h e  d i s t r i b u t i o n  of 
w a t e r  v a p o r  b e c o m e s  s t a t i o n a r y  v e r y  r a p i d l y  ( i n  1 0 3 - 1 0 4  s e c ) .  
T h e r e f o r e ,  i t  i s  o f  p r a c t i c a l  i n t e r e s t  t o  s o l v e  t h e  s t a t i o n a r y  
e q u a t i o n  o f  d i s c o n t i n u i t y  o b t a i n e d  f r o m  ( 1 6 )  f o r  a p / a - c  = 0 :  
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I t  i s  e a s y  t o  f i n d  a s o l u t i o n  t o  t h i s  e q u a t i o n  i n  t h e  ca se  when 
K, = c o n s t  f o r  t h e  c o r r e s p o n d i n g  e x t r e m e  c o n d i t i o n s .  

A n o t h e r  e x t r e m e  case  i s  t h e  a t m o s p h e r e  w i t h o u t  t u r b u l e n c e ,  or - /41 
K ,  = 0 .  I n  t h i s  c a s e ,  (12) t a k e s  o n  t h e  f o l l o w i n g  f o r m :  

at 

I n  s o l v i n g  (la), w e  t o o k  t h e  v a l u e s  B = 6 ,  a s  t h e  i n i t i a l  c o n d i -  
t i . o n s ;  t h e s e  v a l u e s  c o r r e s p o n d e d  t o  a p h o t o c h e m i c a l  e q u i l i b r i u m  i n  
t h e  s t a t i c  a t m o s p h e r e  w h i c h  w e  a p p r o x i m a t e d  by  t h e  e x p o n e n t i a l  
f u n c t i o n  B O  ( 2 )  = & e y z ,  w h e r e  i s  t h e  v a l u e  €or t h e  c o n c e n c e n -  
t r a t i o n  a t  t h e  l o w e r  b o u n d a r y  o f  t n e  l a y e r ;  t h i s  i s  a n o t h e r  ca se  
o f  a n  e x t r e m e  c o n d i t i o n .  

A t  f i r s t ,  we s o l v e d  (18) f o r  t h e  s t a t i o n a r y  c a s e  a @ / a t  = 0 .  

C a l c u l a t e d  r e s u l t s  o f  t h e  s o l u t i o n  w h i c h  w e r e  o b t a i n e d  f o r  
t h e  c o r r e s p o n d i n g  e x t r e m e  c o n d i t i o n s  a r e  shown b e l o w :  

74 if3 i 8  80 82 
@ ( f o r  w = 0.1 c m / s e c )  O , G  0,2 0 , l  0,09 3.10-3 8.10-3 
B ( f o r  w = 1 c m / s e c )  1,o 0,9 0 , 9  0,7 0 , 4  0 , 3  

h (km)  72 

[ B  i s  g i v e n  i n  a r b i t r a r y  u n i t s :  t h e - v a l u e  o f  B u  i s  g i v e n  a s  1 
f o r  a h e i g h t  o f  7 0  km a b o v e ' t h e  g r o u n d  ( z  = O)]. 

T h u s ,  f o r  a r e l a t i v e l y  l o w  r a t e  o f  r i s e  w = 0.1 c m / s e c ,  t h e  
i n f l u x  o f  m o r e  humid a i r  f r o m  a l e v e l  o f  7 0  km c a n n o t  c o m p e n s a t e  
c o m p l e t e l y  f o r  t h e  d e c r e a s e  o f  H20 m o l e c u l e s  i n  t h e  m e s o p a u s e  d u e  
t o  p h o t o d i s s o c i a t i o n .  H o w e v e r ,  t h e  v e l o c i t y  o f  1 cm/sec  i s  s u f f i -  
c i e n t  t o  m a i n t a i n  t h e  h u m i d i t y  i n  t h e  m e s o p a u s e  r o u g h l y  a t  t h e  
same v a l u e  a s  t h a t  i n  t h e  l o w e r  l a y e r s .  Bu t  how r a p i d l y  i s  t h e  
s t a t i o n a r y  c o n d i t i o n  e s t a b l i s h e d ?  We a l s o  s o l v e d  (18) for a n o n -  
s t a t i o n a r y  c a s e .  The t a b l e  b e l o w  s h o w s  t h e  d i s t r i b u t i o n  o f  h u m i d -  
i t y  w i t h  a l t i t u d e  i n  t h e  a t m o s p h e r e  a t  r e s t  a n d  f o r  t h e  p r e s e n c e  
o f  a r a t e  o f  r i s e  e q u a l  t o  1 cm/sec  d u r i n g  t h e  c o u r s e  o f  o n e  a n d  
t w o  w e e k s .  
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The possibility of condensation of the moisture in the meso- /42 - 
pause can be explained either by an assumption that the mesopause 
is cooled off to an extreme degree, or by an assumption that the 
humidity B increases sporadically. The latter idea can be real- 
ized in two ways: either as a result of a sporadic ascent of the 
masses of humid air from the troposphere through the stratosphere 
into the mesosphere, or as the result of a formation of additional 
quantities of H20 molecules directly in the higher layers of the 
atmosphere (i.e., as a result of an increase in the level of 
equilibrium H20 concentration). Let us examine the latter mech- 
anism in more detail, taking contemporary data on the solar wind 
into account. 

As we showed as far back as 1952 C191, the formation of ad- 
ditional quantities of H20 molecules directly in the higher layers 
of the atmosphere can be stimulated by corpuscular solar streams, 
which contain, as we know, a large number of hydrogen atoms. The 
corresponding increase in the concentration of atomic hydrogen 
above the equilibrium value could also be the cause of the in- 
crease in the concentration of H20 molecules. 

An interesting illustration of this idea is given in the cal- 
culations for hydrogen accretion published by de Turville in 1961 
[20]. He assumed that the geomagnetic field which is effective 
in relation to the capture of protons and electrons from the so- 
lar wind has a diameter of a m  = 24.6 ??E (??E is the radius of the 
Earth) and that the hydrogen accretion has been occurring for a 
period of T = 3.3.109 years at the same rate as during our epoch. 
In this case, the entire mass of the hydrogen in the mesosphere 
captured by the geomagnetic field is equal to the following: 

where nl is the concentration of hydrogen atoms (protons) in the 
composition of the plasma of the solar wind; V1 is the velocity of 
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t h i s  w i n d ;  mH i s  t h e  m a s s  of a h y d r o g e n  a t o m .  D e  T u r v i l l e  t a k e s  
t h e  v a l u e s  nl = 1 2  p r o t o n s / c m 3  a n d  V i  = 4 . 3 3 - 1 0 8  cm/sec a n d  o b -  
t a i n s  t h e  mass M = 1 . 7 0 * 1 0 ? 3 g  a c c o r d i n g  t o  ( 1 9 ) .  C o m p l e t e  o x i d a -  
t i o n  o f  t h i s  h y d r o g e n  w o u l d  h a v e  g i v e n  M1' = 1 . 5 3 - 1 0 2 4 g  o f  w a t e r ,  
w h i c h  i s  c l o s e  t o  t h e  mass  of w a t e r  i n  t h e  o c e a n s  o f  t h e  E a r t h  
(M2 = 1 . 4 2 * 1 0 2 4 g ) .  T h u s ,  t h e  w a t e r  r e s e r v e s  i n  t h e  o c e a n  c o u l d  
h a v e  a c c u m u l a t e d  g r a d u a l l y  by  a c c r e t i o n  of s o l a r  h y d r o g e n  i n  a 
q u a n t i t y  o f  r o u g h l y  1 . 5  t o n s / s e c .  T h i s  m e c h a n i s m  of w a t e r  a c c u -  
m u l a t i o n  on t h e  E a r t h  w i t h  t h e  a i d  of t h e  s o l a r  w ind  w a s  g i v e n  
t h e  c l e v e r  name o f  " s o l a r  r a i n "  by H o r w i t z  [ 2 1 ] .  

H o w e v e r ,  we c a n n o t  c o n s i d e r  t h i s  v e r y  c l o s e  a g r e e m e n t  b e t w e e n  
t h e  masses M 1  a n d  M 2  a s  a n y  m o r e  t h a n  p u r e  c o i n c i d e n c e .  The for- 
m a t i o n  o f  t h e  " s o l a r  r a i n "  i s  a much m o r e  c o m p l e x  p r o c e s s  t h a n  
t h a t  d e s c r i b e d  i n  c 2 0 1 .  I n  a n  a r t i c l e  w h i c h  h a s  j u s t  b e e n  p u b -  
l i s h e d  c 2 2 1 ,  we showed  t h a t  t h e  v a l u e  o f  M w h i c h  d e  T u r v i l l e  o b -  
t a i n e d  s h o u l d  b e  a t  l e a s t  l o 3  t i m e s  l e s s  f o r  a m o r e  p r e c i s e  e v a l u -  /43 
a t i o n .  The f a c t  i s  t h a t  t h e  p l a s m a  s t r e a m  o f  t h e  s o l a r  w ind  i s  
n o t  t r a p p e d  by t h e  E a r t h ' s  m a g n e t o s p h e r e ,  b u t  f l o w s  a r o u n d  i t .  
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S t r i c t l y  s p e a k i n g ,  q u a n t i t a t i v e  e v a l u a t i o n s  o f  t h e  a c c r e t i o n  
o f  s o l a r  p r o t o n s  i n  t h e  E a r t h ' s  a t m o s p h e r e  a r e  e x t r e m e l y  d i f f i c u l t  
i n  t h e . l i g h t  of  t h e  c o n t e m p o r a r y  t h e o r y .  The t h e o r y  o f  s o l a r  r a i n  
s h o u l d  b e  c o n s i d e r e d  p a r t  o f  t h e  g e n e r a l  t h e o r y  f o r  a c o m p l e x  o f  
g e o p h y s i c a l  p h e n o m e n a :  m a g n e t i c  s t o r m s ,  a u r o r a s ,  r a d i a t i o n  b e l t s ,  
t h e  s e m i - s t a t i o n a r y  m a g n e t o s p h e r e  o f  t h e  E a r t h .  The s o l a r  p r o t o n s  
i n  q u e s t i o n  b e g i n  t h e i r  c o u r s e  t o w a r d  t h e  E a r t h  w i t h  e r u p t i o n s  on 
t h e  S u n .  T h e r e  i s  a d e f i n i t e  s e q u e n c e  o f  p r o c e s s e s ,  a s  a r e s u l t  
o f  w h i c h  t h e  c h a r g e d  p a r t i c l e s  move o u t  f r o m  t h e  v i c i n i t y  o f  t h e  
c h r o m o s p h e r e  a n d  e n t e r  i n t e r p l a n e t a r y  s p a c e .  T h e  s e c o n d  c h a i n  o f  
phenomena  c o n t r o l s  t h e  p r o p a g a t i o n  o f  t h e  p a r t i c l e s  f r o m  t h e  Sun 
t o w a r d  t h e  E a r t h .  F i n a l l y ,  t h e r e  i s  a s e q u e n c e  o f  p r o c e s s e s  i n  
t h e  s p a c e  a r o u n d  t h e  E a r t h ;  t h i s  i s  o f  d i r e c t  i n t e r e s t  t o  u s .  
T h e s e  p r o c e s s e s  i n v o l v e  t h e  p r o b l e m  o f  t h e  o r i g i n  o f  t h e  r a d i a t i o n .  
b e l t s  o f  t h e  E a r t h ;  t h i s  i s  a p r o b l e m  o f  t h e  i n t e r a c t i o n  b e t w e e n  
t h e  i n t e r p l a n e t a r y  p l a s m a  a n d  t h e  g e o m a g n e t i c  f i e l d ,  t h e  c a p t u r e  
a n d  movement  o f  p r o t o n s  a n d  e l e c t r o n s  i n  t h e  E a r t h ' s  m a g n e t o -  
s p h e r e .  The m e c h a n i s m  for t h e  p e n e t r a t i o n  o f  c h a r g e d  p a r t i c l e s  
of t h e  s o l a r  w ind  i n t o  t h e  E a r t h ' s  m a g n e t o s p h e r e  i s  o b v i o u s l y  
l i n k e d  w i t h  t h e  g r e a t  d i s t u r b a n c e s  of t h e  g e o m a g n e t i c  f i e l d  C231. 
S u b s e q u e n t l y ,  t h e  t r a p p e d  p r o t o n s  e n t e r  t h e  p l a s m a  o f  t h e  m a g n e t o -  
s p h e r e  [ 2 4 ] .  From t i m e  t o  t i m e ,  t h e  c h a r g e d  p a r t i c l e s  p o u r  o u t  of 
t h e  m a g n e t o s p h e r e  i n t o  t h e  d e n s e  l a y e r s  o f  t h e  a t m o s p h e r e .  A s  V . I .  
K r a s o v s k i y  showed  i n  1 9 6 4  C251 ,  t h e  p e n e t r a t i o n  o f  p a r t i c l e s  f r o m  
t h e  c o r p u s c u l a r  s t r e a m  t h r o u g h  t h e  b o u n d a r y  o f  t h e  m a g n e t o s p h e r e  
i n t o  t h e  a t m o s p h e r e ,  a l l  t h e  way t o  r a t h e r  g r e a t  d e p t h s ,  i s  a p p a r -  
e n t l y  i n e v i t a b l e .  I t  i s  p o s s i b l e  t h a t  t h e  i n v a s i o n  o f  t h e  p a r t i c l e s  
a t  m i d d l e  a n d  h i g h  l a t i t u d e s  o c c u r s  i n  b r i e f  f l a s h e s  ( s e c o n d s ) .  
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T h e r e  a r e  i n d i c a t i o n s  t h a t  t h e  l o w - e n e r g y  p r o t o n s  ( d e t e c t e d  
b y  t h e  i n s t r u m e n t s  i n  t h e  " E x p l o r e r  X I I "  s a t e l l i t e )  a r e  l i n k e d  
somehow w i t h  t h e  s o f t  p r o t o n s  i n v a d i n g  t h e  v i c i n i t y )  o f  a n  a u r o r a l  
z o n e  ( L  2 5 - 7 ) ,  when t h e i r  f l u x  c a n  e x c e e d  lo8 p r o t o n s / c m 2 s e c  
[ 2 3 ] .  U s i n g  t h i s  f i g u r e  i n  o r d e r  t o  e v a l u a t e  t h e  i n t e n s i t y  o f  t h e  
s o l a r  r a i n ,  w e  w i l l  a s s u m e  t h a t  t h e i r  f l u x  c a n  r e a c h  v a l u e s  o f  
1 0 9 - 1 0 1 0  p r o t o n s / c m 2 s e c  d u r i n g  t h e  p e r i o d s  o f  a u r o r a s ;  c o n s i d e r i n g  
t h e  l e n g t h  o f  a u r o r a l  p e r i o d s ,  w e  w i l l  c o n s i d e r  t h a t  t h e  a v e r a g e  
v a l u e  o f  a n  a r b i t r a r y  c o n s t a n t  c u r r e n t  c a n  r e a c h  108-109 p r o t o n s /  
cm2sec i n  a n  a u r o r a l  z o n e .  The l a t t e r  v a l u e  c a n  a l s o  b e  u s e d  for 
a z o n e  o f  n o c t i l u c e n t  c l o u d s  i n  f i r s t  a p p r o x i m a t i o n .  T h i s  p r o t o n  
f l u x  e x c e e d s  t h e  r a t e  o f  d i s p e r s i o n  o f  t e r r e s t r i a l  h y d r o g e n  ( w h i c h  
c o r r e s p o n d s  t o  a f l u x  o f  2 . 5 - 1 0 7  h y d r o g e n  a t o m s / c m 2 s e c ,  a c c o r d i n g  / 4 4  
t o  t h e  c a l c u l a t i o n s  o f  K o c k a r t s  a n d  N i c o l e t  [ 2 6 , 2 7 ]  b y  a f a c t o r  of  
t w o .  
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I f  t h e  e v a l u a t e d  v a l u e  o f  t h e  f l u x  i n  a z o n e  o f  n o c t i l u c e n t  
2 c l o u d s ,  108-109 p r o t o n s / c m  s e c ,  i s  c l o s e  t o  t h e  r e a l  v a l u e ,  s o l a r  

h y d r o g e n  c a n  a c c u m u l a t e  i n  t h e  u p p e r  a t m o s p h e r e  o f  t h e  E a r t h .  
L e t  u s  a s s u m e  t h a t  t h i s  h y d r o g e n  i s  b e i n g  a c c u m u l a t e d  c o n t i n u o u s l y  
i n  t h e  l a y e r  a t  1 0 0 - 2 0 0  km, a n d  t h a t  i t s  c o n c e n t r a t i o n  n ( i n  cm-3) 
i s  d i s t r i b u t e d  by  a l t i t u d e  z a c c o r d i n g  t o  t h e  f o l l o w i n g  f o r m u l a :  

I f  H w e r e  e q u a l  t o  25  km, t h e  c o n c e n t r a t i o n  a t  t h e  l e v e l  o f  
1 0 0  km w o u l d  r e a c h  v a l u e s  o f  no = 1.6.1010cmfg w i t h i n  o n e  y e a r ,  
a n d  v a l u e s  o f  n 2  = 4*108 c m W 3  a t  t h e  l e v e l  o f  2 0 0  km.  T h e s e  
v a l u e s  g r e a t l y  e x c e e d  t h e  a c t u a l  c o n c e n t r a t i o n s  ( b y  a f a c t o r  o f  
t h r e e ) .  T h u s ,  i f  t h e r e  a c t u a l l y  i s  a c a p t u r e  o f  t h e  h y d r o g e n  i n  
t h e  s o l a r  w i n d  r o u g h l y  i n  t h e  same q u a n t i t i e s  a s  t h o s e  m e n t i o n e d  
a b o v e ,  t h e r e  m u s t  b e  a h y d r o g e n  l e a k a g e  f r o m  t h e  u p p e r  a t m o s p h e r e  
o f  t h e  E a r t h  a t  a r a t e  o f  a b o u t  1 0 9 c m - 2 s e c - 1 .  We h a v e  s e e n  
e a r l i e r  t h a t  t h e  h y d r o g e n  d i s p e r s e s  f r o m  t h e  e x o s p h e r e  much m o r e  
s l o w l y .  However ,  i t  i s  p o s s i b l e  t h a t  t h e  h y d r o g e n  l e a k e d  o u t  o f  
t h e  t h e r m o s p h e r e  i n t o  t h e  m e s o s p h e r e  a n d  s u b s e q u e n t l y  f o r m e d  s o l a r  
r a i n  t h e r e .  

The t r a n s f o r m a t i o n  o f  s o l a r  h y d r o g e n  i n t o  s o l a r  r a i n  i s  a 
c o m p l e x  p r o c e s s .  The a e r o n o m i c  r e a c t i o n s  w h i c h  c a n  c a u s e  a n  i n -  
c r e a s e  i n  t h e  c o n c e n t r a t i o n  o f  H20 m o l e c u l e s  i n  t h e  m e s o s p h e r e  
h a v e  b e e n  e x a m i n e d  by  o n e  o f  u s  i n  a r e c e n t l y - p u b l i s h e d  a r t i c l e  
[22 ] .  I n  c a l c u l a t i n g  t h e  c o n c e n t r a t i o n  n H 2 0 ,  we m u s t  c o n s i d e r  
t h e  d y n a m i c  p r o c e s s e s  o f  t h e  f a l l i n g  a n d  r i s i n g  a i r  c u r r e n t s  a n d  
t h e  d i s t u r b a n c e  t r a n s f e r s .  I n  t h i s  c a s e ,  we c a n  u s e  ( 1 6 )  a g a i n ,  
s i n c e  we a r e  c o n c e r n e d  w i t h  a t r a n s f e r  o f  p h o t o c h e m i c a l l y  a c t i v e  
a t m o s p h e r i c  c o m p o n e n t s .  P r e l i m i n a r y  c a l c u l a t i o n s  show t h a t ,  
u n d e r  c e r t a i n  c o n d i t i o n s ,  t h e  d y n a m i c  p r o c e s s e s  c a n  c a u s e  a s u b -  
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s t a n t i a l  i n c r e a s e  i n  t h e  h u m i d i t y  o f  t h e  a i r  i n  t h e  m e s o s p h e r e  a n d  
t h e  m e s o p a u s e .  The  f a c t  i s  t h a t  t h e  d y n a m i c  p r o c e s s e s  a c c e l e r a t e  
t h e  p e n e t r a t i o n  o f  t h e  s o l a r  h y d r o g e n  a n d  a t o m i c  o x y g e n  f r o m  t h e  
t h e r m o s p h e r e  i n t o  t h e  d e n s e r  l a y e r s  o f  t h e  a t m o s p h e r e .  T h i s  a c c e l -  
e r a t e s  t h e  r e a c t i o n s ,  p a r t i c u l a r l y  t h o s e  w h i c h  o c c u r  w i t h  t r i p l e  
c o l l i s i o n s ;  f o r  e x a m p l e ,  t h e  r e a c t i o n  

i s  g r e a t l y  a c c e l e r a t e d  d u r i n g  a t r a n s f e r  o f  H a t o m s  f r o m  a l e v e l  o f  
1 0 0 - 1 2 0  km t o  a l a y e r  o f  8 0 - 8 5  km b e c a u s e  o f  d e s c e n d i n g  c u r r e n t s  
a n d  d i s t u r b a n c e  m o v e m e n t s .  A t o m i c  o x y g e n  i s  t r a n s p o r t e d  downward /45 
a t  t h e  same t i m e ;  t h i s  i n t e n s i f i e s  t h e  f l o w  o f  t h e  r e a c t i o n s :  

The  e s t a b l i s h m e n t  o f  a q u a n t i t a t i v e  t h e o r y  o f  s o l a r  r a i n  i s  
a n  i m p o r t a n t  t a s k  i n  t h e  p h y s i c s  o f  t h e  u p p e r  l a y e r s  o f  t h e  a t m o s -  
p h e r e .  The e f f e c t  o f  t h e  d y n a m i c  p r o c e s s e s  m u s t  b e  c o n s i d e r e d  i n  
t h i s  t h e o r y .  T h e  m a t h e m a t i c a l  a p p a r a t u s  f o r  s u c h  a t h e o r y  w a s  
shown e a r l i e r  [ a n  e q u a t i o n  o f  t h e  t y p e  i n  ( 1 6 ) l :  a n  e q u a t i o n  o f  d i s -  
c o n t i n u i t y  for t h e  p h o t o c h e m i c a l l y  a c t i v e  a t m o s p h e r e .  T h e r e  i s  no  
c o e f f i c i e n t  o f  m o l e c u l a r  d i f f u s i o n  i n  t h i s  e q u a t i o n .  H o w e v e r ,  i t  
s h o u l d  b e  c o n s i d e r e d  when w e  e x a m i n e  t h e  p r o c e s s e s  o c c u r r i n g  a t  
a l t i t u d e s  h i g h e r  t h a n  1 0 0  km. The i n t r o d u c t i o n  o f  a t e r m  i n  ( 1 6 )  
w h i c h  c o n s i d e r s  t h e  v e r t i c a l  d i s l o c a t i o n  o f  t h e  a t m o s p h e r e  d u e  t o  
m o l e c u l a r  d i f f u s i o n  i s  n o t  a c o m p l i c a t e d  t a s k .  
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T H E  P H Y S I C S  OF T H E  F O R M A T I O N  OF N O C T I L U C E N T  C L O U D S ,  
I N  T H E  L I G H T  O F  NEW D A T A  

N.I. N o v o z h i l o v  

ABSTRACT:  On t h e  b a s i s  o f  t h e  d a t a  from t h e  
Amer ican-Swedish  r o c k e t  e x p e r i m e n t ,  i t  is 
e s t a b Z i s h e d  t h a t  t h e  mos t  probabZe p r o c e s s  
e n s u r i n g  an a b r u p t  t e m p e r a t u r e  d e c r e a s e  i n  t h e  
mesopause and an a c t i v e  e n t r y  o f  m o i s t u r e  i s  
t l ie  c o n v e c t i v e  exchange  deveZoped by  t h e  wave 
movements i n  n o c t i l u c e n t  c l o u d s .  

According to the data of the Swedish-American experiment [13], /46 - 
the temperature of the mesopause in a layer of noctilucent clouds 
was -133O in August, 1962. If we consider that under the condi- 
tions of such a low temperature, an insignificantly small quantity 
of water vapor is sufficient for supersaturation and the beginning 
of sublimation, and that the quantity of sublimation nuclei in the 
mesopause (as in the troposphere) is always sufficient for cloud 
formations, the problem of noctilucent clouds essentially involves 
this question: What process causes such a low temperature in the 
mesopause? 

We could mention several processes which could cause a decrease 
of the temperature in the mesopause. However, their actual role is 
very unclear at the present. F o r  example, the effect of radiation 
and cold advection has not been explained sufficiently, and we still 

Villmann's hypothesis c21, it can caus'e abrupt, although brief, 
decreases in temperature). Obviously, each of these processes 
contributes to some extent to the total decrease in temperature 
preceding the formation of clouds, but none of them (in our opinion) 
can be considered the principal process. Despite the fact that 
noctilucent clouds are observed only in certain regions of the 
Earth, they are a global phenomenon, and their formation should be 
linked with a process which is developed not within the range of 
the mesopause alone, but in adjacent regions as well. Like other 
large-scale processes, this one should be closed with respect to 
energy, i.e., the cooling in the mesopause should be accompanied 
by heating in some other layer, or it should be the consequence of 
such a heating. 

do not know the effect of an influx of plasma (according to /47 

On the basis of this evaluation of the phenomenon in question, 
the process which most probably causes formation of noctilucent 
clouds and is primarily responsible for an abrupt decrease of the 
temperature in the mesopause is the proc'ess of convection, which 
encompasses the entire mesosphere. Let us examine this process. 
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I t  i s  w e l l  known t h a t  t h e  m e s o s p h e r e  ( f r o m  5 0 - 5 5  t o  8 0  km) i s  
l o c a t e d  b e t w e e n  t w o  p o w e r f u l  i n v e r s i o n s ,  a n d  i s  a r e l a t i v e l y  u n i f o r m  
l a y e r  w i t h  a v e r t i c a l  t e m p e r a t u r e  g r a d i e n t  o f  a b o u t  0.4°/100 m .  I n  
o r d e r  t o  d e t e r m i n e  t h e  d e g r e e  o f  s t a b i l i t y  o f  t h i s  l a y e r ,  w e  m u s t  
c o n s i d e r  t h e  d y n a m i c  c o n d i t i o n s  i n  t h e  v i c i n i t y  o f  t h e  i n v e r s i o n s .  

The l o w e r  b o u n d a r y  o f  t h e  m e s o s p h e r e  i s  t h e  o z o n o s p h e r e  i n v e r -  
s i o n ,  w h i c h  i s  i r r a d i a t e d  by  t h e  Sun a l m o s t  c o n t i n u o u s l y  d u r i n g  t h e  
summer s e a s o n  ( a t  h i g h  l a t i t u d e s ) .  N a t u r a l l y ,  a n  i n c r e a s e  o f  t h e  
t e m p e r a t u r e  o n  t h e  s u r f a c e  o f  t h e  i n v e r s i o n  c a n  l e a d  t o  a d e v e l o p -  
m e n t  o f  c o n v e c t i o n .  However ,  wave movemen t s  w h i c h  c a n n o t  p e n e t r a t e  
i n t o  t h e  m e s o s p h e r e  m u s t  n e c e s s a r i l y  b e  d e v e l o p e d  o n  t h e  s u r f a c e  o f  
t h i s  i n v e r s i o n .  S i n c e  t h e r e  a r e  n o  c l o u d s  a t  t h i s  l e v e l ,  w e  m u s t  
c o n f i r m  t h e  p r e s e n c e  o f  wave movemen t s  m a i n l y  by  t h e  e x i s t e n c e  o f  
s u b s t a n t i a l  e d d i e s  [ S I .  The g r e a t e s t  a m p l i t u d e s  o f  t h e  wave move- 
m e n t s  s h o u l d  b e  o b s e r v e d  o v e r  t h e  a r e a s  o f  t h e  E a r t h ' s  s u r f a c e  
w h i c h  h a v e  c l e a r  a n t i c y c l o n i c  w e a t h e r  a n d  a h i g h  t e m p e r a t u r e ,  w h e r e  
( a c c o r d i n g  t o  s a t e l l i t e  d a t a  [ S I )  t h e  g r e a t e s t  e m i s s i o n  o f  l o n g -  
wave r a d i a t i o n  c a p a b l e  o f  h e a t i n g  t h e  o z o n o s p h e r e  o c c u r s .  F a c t u a l  
d a t a  [lo] show t h a t  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  i n  t h e  m e s o s p h e r e  
( e v e n  a c c o r d i n g  t o  a v e r a g e  m o n t h l y  d a t a )  i s  s o m e t i m e s  a d i a b a t i c .  

A t  t h e  u p p e r  b o u n d a r y  o f  t h e  m e s o s p h e r e ,  b e l o w  t h e  t h e r m o -  
s p h e r i c  i n v e r s i o n ,  t h e  w i n d  i s  a p p a r e n t l y  t h e  m o s t  i m p o r t a n t  f a c t o r  
w h i c h  s t i m u l a t e s  t h e  a c t i v i t y  o f  t h e  m e s o s p h e r e .  L e t  u s  d i s c u s s  
t h i s  i n  more  d e t a i l .  

When n o c t i l u c e n t  c l o u d s  a r e  p r e s e n t ,  t h e  w i n d  v e l o c i t y  r e a c h e s  - / 4 8  
200 m/sec  ( a c c o r d i n g  t o  [ 1 3 ] ) .  H o w e v e r ,  a s  w e  know f r o m  o b s e r v a -  
t i o n s  i n  t h e  t r o p o s p h e r e  a n d  s t r a t o s p h e r e ,  e x c e p t i o n a l l y  h i g h  w i n d  
v e l o c i t i e s  a r e  c o n c e n t r a t e d  i n  r e l a t i v e l y  t h i n  a n d  n a r r o w  s t r e a m s .  
O b s e r v a t i o n s  h a v e  a c t u a l l y  d e t e c t e d  s t r e a m s  i n  t h e  v i c i n i t y  o f  t h e  
n o c t i l u c e n t  c l o u d  l e v e l  [ll]; a c c o r d i n g  t o  t h e  d a t a  of D o c t o r  W i t t l ,  
t h e  j e t  s t r e a m s  b e l o w  t h e  l e v e l  o f  minimum t e m p e r a t u r e  i n  t h e  
m e s o p a u s e  a r e  v e r y  c h a r a c t e r i s t i c  for 66ON. 

I f  t h e r e  i s  a w i n d ,  a t u r b u l e n t  i n v e r s i o n  i s  f o r m e d  i n  t h e  
v i c i n i t y  o f  t h e  maximum w i n d ,  m o s t  f r e q u e n t l y  b e l o w  it  C 9 l ;  t h i s  
a p p e a r s  p a r t i c u l a r l y  c l e a r l y  i n  t h e  s y s t e m  o f  m e s o - s c a l e  f l u x e s  
[ 1 2 ]  w h i c h  a r e  g r e a t l y  d e v e l o p e d ,  j u d g i n g  b y  t h e  s t r u c t u r e  of t h e  
c l o u d  c o v e r  i n  t h e  n o c t i l u c e n t  c l o u d s .  A f t e r  a n  a d d i t i o n a l  i n v e r -  
s i o n  l a y e r  i s  f o r m e d  b e l o w  t h e  t h e r m o s p h e r i c  i n v e r s i o n ,  a wave 
movement a r i s e s  a t  t h e  u p p e r  b o u n d a r y  o f  t h i s  l a y e r ;  t h i s  wave 
movement a l s o  i n e v i t a b l y  p e n e t r a t e s  t h e  m e s o s p h e r e  ( s e e  t h e  f i g u r e ) .  
We s h o u l d  n o t e  i n  p a s s i n g  t h a t  t h e  p r e s e n t l y  u n c l a r i f i e d  i n t e r -  
r e l a t i o n s h i p  among s u c h  phenomena  a s  t h e  w i n d ,  i n v e r s i o n ,  a n d  

l A c c o r d i n g  t o  t h e  m a t e r i a l s  p r e s e n t e d  a t  t h e  I n t e r n a t i o n a l  Symposium 
on N o c t i l u c e n t  C l o u d s ,  M a r c h ,  1 9 6 6  a n d  k i n d l y  made a v a i l a b l e  t o  t h e  
a u t h o r  o f  t h i s  a r t i c l e  b y  D o c t o r  W i t t  ( S w e d e n ) .  



others noted in the meso-scale processes in the troposphere could 
aid in making the schematic diagram of the complex mesopause, which 
I proposed in C 8 1 ,  somewhat more accurate. 

First of all, we should consider that the secondary temperature 
minimum occurring below the level of the principal minimum (see the 
figure) cannot be as deep as the principal one. The temperature 
here should be higher, since the secondary minimum is caused by a 
partial process, ?.e., by a turbulence in the zone of the stream. 
It is very possible that the veil is also formed in the vicinity 
of the level of the secondary temperature minimum. The veil usually 
appears earlier than the other forms, below the layer of undulatus 
[3]. All the other more-developed forms of the clouds (primarily 
the undulatus forms) are near the principal minimum, which is 
shifted to a somewhat higher level by the effect of turbulence. As 
a result of this, the thickness of the cloud layer where the waves 
appear should increase, and the veil should show signs of the same 
wave movement. On the other hand, when there is no wind, there is 
no secondary temperature and also no supplementary inversion. In 
this case, wave movements cannot 
only one veil can be observed in 
single temperature minimum. 

It is very obvious that the 
active wave movements arising at 
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develop-in the mesopause 1 8 1 ,  and 
the zone of the principal and 

mesosphere can be surrounded by 
its boundaries during certain / 4 9  

Zones of Noctilucent Clouds. 
(1) Level of the Principal 
Temperature Maximum in a Non- 
turbulent Mesopause, the Lower 
Boundary of the Temperature 
Inversion; (2) Position of the 
Level of the Principal Tempera- 
ture Minimum After the Formation 
of the Secondary Minimum; ( 3 )  
Position of the Jet Stream below 
the Level of the Principal Tem- 
perature Minimum, the Level of 
the Most Active Wave Movements 
in the Mesosphere; (4) Level of 
the Secondary Temperature Mini- 
mum; (5) Upper Boundary of the 
Ozonospheric Inversion, the Level 

of Wave Movements; (6) Possible Combination of the Phases of Oscil- 
lations in the Mesosphere during the Appearance of Waves with Large 
Amplitudes. 

periods. According to the data of N.I. Grishin C41, the amplitudes 
of the waves in the layer of noctilucent clouds sometimes reach 
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20-30 km. When there are such movements (principally meso-scale), 
and when the lower layer of the mesosphere is greatly heated, an 
active convective exchange can begin in it. Obviously, we cannot 
exclude the possibility of a very advantageous coincidence of the 
phases of oscillations when the upper and lower wave systems can 
make up a single transmission mechanism for the ascent and descent 
of large volumes of air through the entire mesosphere (dashed lines 
in the figure). In any case, the presence of layers with adiabatic 
stratification within the mesosphere cannot be explained by a reg- 
ular small-scale turbulence, since the conditions for adiabaticity 
cannot be maintained in this case. 

By the effect of a convective shift occurring adiabatically, 
the temperature at the lower level of the mesosphere can become 
equal to 8 5 O  (instead of the l o o  for the border case) and it can 
decrease to - 1 6 5 O  at the upper level (instead of -goo, for example). 
This occurs in the case when the air is mixed, at least by half, at /50 
all the levels of the mesosphere. With a lesser degree of mixing, 
the temperature cannot reach these extreme values; when there is no 
adiabaticity, it cannot change at all. 

- 

According to calculated data [lo], the velocity of ascending 
heat currents in the mesosphere can reach 1 m/sec. However, we do 
not know whether or not this velocity is sufficient to maintain 
adiabaticity. On the other hand, the velocity of the ascending 
movements in a wave process (for examp.le, the clouds in the tropo- 
sphere) reaches 5 m/sec, which ensures adiabaticity to a greater 
degree. 

Thus, a convective shift in the mesosphere, if it occurs with 
wave movements, best ensures a rather low temperature necessary 
for cloud formations during certain periods. 

Let us examine the values f o r  the water content in noctilucent 
clouds. 

According to [13], the quantity of cloud particles with d>O.05p 
captured by the sampler from a layer from 75 to 95 km is within the 
limits of (4-3O)'1O1O per 1 m2 of the surface. Under the condition 
of uniform distribution, their concentration is 2'106 per m3 in this 
case (at least). Assuming that all these particles are ice crystals 
with r = 0.31~, the value for the water content (when converted to 
millibars) is equal to 1.25'10-7mb. On the other hand, the exten- 
sibility of saturation for a temperature of - 1 3 3 O  is only 3.5'10-' 
mb, i.e., the water content of noctilucent clouds exceeds the value 
of gaseous water in the clouds by more than one order. The water 
content in tropospheric clouds is usually only a small fraction of 
the absolute humidity (excluding individual cases of water content 
in cumulonimbus). 

In order for ice to accumulate in ice crystals, it is neces- 
sary that the crystals be colder than the air. Obviously, this is 
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not always the case under the conditions of the rarefied medium in 
the mesopause. If the humidity in the mesopause has a value on the 
order of 10-7mb before the beginning of sublimation, sublimation 
can continue during the entire period before the temperature de- 
creases to -133O; after this time, the water content can be formed. 
However, the accumulation of ice in the crystals can also occur in 
the case when the humidity in the mesopause is l e s s  than lO-7mb. 
Under the conditions of convection, when water vapors confront the 
falling crystals with an extensibility of saturation somewhat 
greater than 3.5.10-9mb, the accumulation of ice can occur even 
more rapidly than under the conditions of normal diffusion. Thus, 
the value for the water content in noctilucent clouds agrees com- 
pletely with the possibility of active convection in the mesosphere. 

/ 51 The idea of convection also agrees with the observed pulsa- - 
tions of the cloud mass, as well as the rapid change in the type 
of cloud cover mentioned many times in studies by N.I. Grishin [SI, 
and in [7] and [13]. According to [l], the rapid changes in the 
temperature can explain the disappearance of entire fields of noc- 
tilucent clouds during brief intervals of time. However, these 
changes are also most probable under the conditions of convection. 

C o n c l u s i o n s  

(1) The values for the temperature and humidity in the meso- 
pause which are necessary for the formation of noctilucent clouds 
can occur only by the effect of processes which involve the entire 
mesosphere. 

(2) The most probable process which ensures an abrupt temper- 
ature decrease in the mesopause and an active entry of moisture is 
the convective exchange developed with wave movements. 

(3) The presence of noctilucent clouds can be a sign of a 
very active disturbance in the mesosphere. 
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T H E  R O L E  O F  M E T E O R  P A R T I C L E S  IN T H E  F O R M A T I O N  O F  
N O C T I L U C E N T  C L O U D S  

V.A. Bronsh ten  

ABSTRACT: The a u t h o r  of t h i s  a r t i c Z e  examines  
' t h e  q u a n t i t y  and d i m e n s i o n s  of t h e  n o c t i Z u c e n t  

c2oud p a r t i c Z e s  samp2es i n  t h e  Swedish-American  
e x p e r i m e n t .  The v e Z o c i t i e s  a t  wh ich  t h e  p a r t i -  
cZes  e n t e r e d  t h e  sampZer s u r f a c e  of t h e  e x p e r i -  
menta2 r o c k e t s  a r e  aZso a n a l y z e d .  I t  is e s t a b -  
Z i shed  t h a t  t h e  m e t e o r i c - i c e  h y p o t h e s i s  f o r  t h e  
f o r m a t i o n  of n o c t i Z u c e n t  c2ouds  can  b e  s u b s t a n -  
t i a t e d  by  t h e  d a t a  f rom t h e s e  e x p e r i m e n t s .  

The concept that the substance of noctilucent clouds is of a /52 
cosmic, meteoric origin has been maintained in science for more 
than 30 years, beginning in 1925. L.A. Kulik [l] first proposed 
this point of view in 1925, and it was developed in studies by 
E. Vestine [ 2 ] ,  I . S .  Astapovich [SI, and others. E. Vestine, 
D. Deirmendjian C41, and C. Hoffmeister defended this idea in their 
addresses to the Fifth General Assembly of the Special Committee 
of the IGY in 1958; at almost the same time, F. Ludlam [6] pub- 
lished an article which contained perhaps the most complete dis- 
cussion and establishment of the meteor hypothesis for the origin 
of noctilucent clouds. 

- 

Forty years ago, in 1926, A .  Wegener [7] and W. Jardetsky [8] 
independently suggested that the particles of noctilucent clouds 
consist of small ice crystals. However, there were no precise data 
on the temperatures at the level of the mesopause in those years. 
Indirect calculation methods give greatly increased values, on the 
order of 300°K [3]. Therefore, the ice hypothesis was not estab- 
listed satisfactorily for many years. 

From this point of view, the article written by Humphreys in 
1933 is of particular interest [8a]. The idea that noctilucent 
clouds consist of the products of condensation of water vapor into 
ice crystals at a temperature of about 160°K appeared again in this 
article. The author gave a purely qualitative schematic diagram 
for the distribution of temperature with altitude; this diagram was 
very similar to modern models. Humphreys considered volcanic erup- 
tions as the source of the water vapor at high altitudes; he also 
felt that these eruptions furnished the condensation nuclei. 

In 1952, I.A. Khvostikov [9,lO] gave what is now a well-known 
explanation of the condensation (ice) theory, linking the process 
of their formation to the temperature minimum in the region of the 

56 



mesopause (150-160°K), the presence of which simplifies condensa- 
tion of water vapor into ice crystals. An explanation was thereby 
given to the discoveries made long before, concerning the uniformity 
of the altitude and the small thickness of the layer in which noc- 
tilucent clouds can be formed. Subsequently, this concept was 
developed and supplemented in later works by I.A. Khvostikov [ll-191 
and myself c20-231. In particular, I showed (in 1958) the latitu- 
dinal and seasonal limits to the appearance of noctilucent clouds 
by comparing rocket data on the temperature of the mesopause ob- 
tained at various latitudes and during various times of the year 
[22,231. The temperature distribution by altitude and latitude 
during the winter and summer (according to Murgatroyd) was pre- 
sented in a most complete and comprehensive form in [16]. It 
showed clearly at what altitude, latitude, and season of the year __ /53 
noctilucent clouds can be formed. Other aspects of the condensa- 
tion hypothesis were presented in great detail in subsequent 
studies by I.A. Khvostikov c17-191. 

In 1950, I suggested the idea that meteor particles act as 
condensation nuclei in the formatjon of the ice crystals which make 
up noctilucent clouds [24]. This idea was examined in more detail 
in C231 and substantiated and acknowledged by most of the re- 
searchers in our country C25-291 as well as abroad [30,31]. 

The results of the Swedish-American experiments conducted in 
1962 were of particular significance in substantiating this hypoth- 
esis; in these experiments, particles which clearly belonged to 
noctilucent clouds were first collected with the aid of special 
samplers c32-351. These experiments were described in due time by 
the Soviet press c361. 

Let us recall that a "Nike-Cajun" rocket was launched 
on August 11, 1962 from the base at Kronogaard (Northern Sweden, 
9 = 66O, A = 19O); the body of this rocket was equipped with a 
system of samplers intended for catching and studying the following: 
(a) solid meteor particles, (b) ice crystals, and (c) solid parti- 
cles with ice deposits on them C321. 

The moment the rocket was launched coincided with the appear- 
ance of intensive noctilucent clouds over Kronogaard (according to 
the observations of a more southern station at Kristenberg). A 
control launching had been conducted on August 7, when there were 
no noctilucent clouds. Moreover, the bodies of the rockets had 
their control surfaces shielded from direct impacts of the parti- 
cles C331. 

The particles were collected during the ascending stages of 
the trajectory, at altitudes of 75-98 km, ;.e., immediately in the 
zone of the noctilucent clouds. An analysis of the materials gave 
the following results C331. 
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During the climb on August 11, about l o 7  particles were col- 
lected; the dimensions of the particles ranged from 2.10-6 to 
6 ~ 1 0 - ~  cm. The quantity of particles per unit surface at various 
sites on the samplers was within the range of (4-30).106 cm-2. 
During the control climb, the quantity of particles (per unit s u r -  
face) was 2-3 orders less. 

The principal characteristic of the collected particles (found 
with the aid of electron microphotography) was the lack of a "halo" 
surrounding the particle (Fig. 1,2); the particle consisted of ice, 
as a study of the sampler surfaces (made of calcium) showed (these 
surfaces were designed for a reaction of calcium with water). In 
Figure l(a), the small light-colored "tails" of the particles were 
caused by a "tinting" of a thin film of chromium during pulveriza- 
tion at a small angle to a nitrocellulose sampler surface after the 
landing. A similar pulverization of an aluminum film was made 
before the launching. 

P 

Fig. 1. Particles Collected during the Swedish-American Experiment 
at an Altitude of 75-98 km (August 11, 1962). (a) Particles of Noc- 
tilucent Clouds with "Ha los"  and one Dim "Tail"; (b) A Particle 
which Entered the Sampler Surface After the Experiment (No "Tail"); 
(c) Particle at the Sampler Surface Before the Launching of the 
Rocket (Two "Tails" ) . 
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T h e r e f o r e ,  t h e  p a r t i c l e s  e n t e r i n g  t h e  s a m p l e r  s u r f a c e  b e f o r e  t h e  /55 
l a u n c h i n g  s h o u l d  h a v e  t w o  " t a i l s "  [ F i g .  l(c)]; t h o s e  c o l l e c t e d  
d u r i n g  t h e  l a u n c h i n g  s h o u l d  h a v e  o n e ,  a n d  t h o s e  e n t e r i n g  t h e  s u r -  
f a c e  a t  a l a t e r  t i m e  s h o u l d  n o t  h a v e  a n y  " t a i l s . "  

F i g u r e  2 s h o w s  o n e  
o f  t h e  p a r t i c l e s  g r e a t l y  
m a g n i f i e d .  We c a n  s e e  
r o u n d  d a r k  i n c l u s i o n s  
i n s i d e  t h e  p a r t i c l e .  
They  w e r e  f o u n d  t o  b e  
m o s t  s t a b l e  d u r i n g  
h e a t i n g  a s  a r e s u l t  o f  
i n t e n s i v e  e l e c t r o n  
b o m b a r d m e n t  w i t h  a n  
e n e r g y  o f  1 0 0  K e V .  

The d i s t r i b u t i o n  o f  
t h e  c o l l e c t e d  p a r t i c l e s  
b y  d i m e n s i o n s  i s  shown 
i n  F i g u r e  3 .  I t  i s  
c h a r a c t e r i s t i c  t h a t  1 0 0 %  
o f  t h e  p a r t i c l e s  w i t h  
d > >  1 . 7 ~ 1 0 - ~  c m  h a v e  
i c e  " h a l o s "  a r o u n d  t h e m ,  
w h i l e  o n l v  5 0 %  o f  t h o s e  
w i t h  d = c m  h a v e  
" h a l o s " ,  a n d  n o n e  w i t h  

F i g .  2 .  One o f  t h e  P a r t i c l e s  i n  t h e  d < 7 ~ 1 0 - ~ .  T h u s ,  o n l y  
N o c t i l u c e n t  C l o u d s ,  G r e a t l y  M a g n i f i e d .  t h e  p a r t i c l e s  w i t h  

d < c m  c a n  s e r v e  
a s  c o n d e n s a t i o n  n u c l e i ,  

a n d  t h e i r  a b i l i t y  t o  form i c e  c r y s t a l s  i n c r e a s e s  g r e a t l y  a s  t h e  
d i m e n s i o n s  i n c r e a s e  a b o v e  t h i s  i n t e r v a l .  

The p r e s e n c e  o f  i r o n  a n d  n i c k e l  i n  t h e  c o m p o s i t i o n  o f  t h e  
m o s t  s o l i d  p a r t i c l e s  w a s  f o u n d  b y  t h e  m e t h o d  o f  b o m b a r d m e n t  w i t h  
a n  e l e c t r o n  beam;  i n  s i n g l e  c a s e s ,  t h e  r a t i o  o f  N i / F e  r e a c h e d  0 . 1 .  
I n  a s t u d y  o f  e l e c t r o n  d i f f r a c t i o n ,  t h e  p a r t i c l e s  showed  a c h a r -  
a c t e r i s t i c  d i f f r a c t i o n  p i c t u r e  ( L a u e  d i f f r a c t i o n  p a t t e r n )  c o r r e -  
s p o n d i n g  t o  t w i n - c r y s t a l s  w i t h  h e x a g o n a l  s y m m e t r y .  A r e c e n t  
a n a l y s i s  of t h e  p a r t i c l e s  h a s  shown a l a c k  o f  s u l p h u r  i n  t h e m ,  
a n d  a p o s s i b l e  a b s e n c e  of s i l i c o n ,  i r o n ,  a n d  c a l c i u m  c 3 7 1 .  How- 
e v e r ,  w e  w i l l  n o t  d w e l l  f u r t h e r  o n  t h e  p r o b l e m  o f  t h e  c h e m i c a l  

/ 5 6  c o m p o s i t i o n  o f  t h e  p a r t i c l e s  b e c a u s e  o f  i n s u f f i c i e n t  d a t a .  - 
To c l a r i f y  t h e  c o n c e n t r a t i o n  o f  p a r t i c l e s  a n d  t h e i r  s i z e  d i s -  

t r i b u t i o n ,  l e t  u s  e x a m i n e  t h e  r e s u l t s  o b t a i n e d  i n  t h e  S w e d i s h -  
a m e r i c a n  e x p e r i m e n t s .  
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First of all, the nature of the interaction between the con- 
tainer and the air flowing around it, as well as the process of 
the settlement of dust particles on the sampler in dry and humid 
air should be considered in determining the transition from a con- 
centration of particles on the surface of the sampler to their 
concentration in nonturbulent air; this was shown.correctly by 
V.D. Reshetov and I.A. Khvostikov [38]. Moreover, it was shown 
in [38] that the activity of the Perseid shower increased between 
August 7 and 11, when the number of meteors increased by a factor 
of 7-10 (in our opinion, this can explain the increase in the 
number of particles in the experiment on August 11). 

N 
io"r 

Fig. 3. Distribution 
of the Particles Col- 
lected on August 11, 
1962 by Size (The 
Number of Particles 
with Diameters Greater 
than a Certain Size is 
Shown). 

However, the latter concept was 
established with misunderstandings. 
The fact is that the increase in the 
number of meteors in the Perseid 
shower, which have a relatively high 
geocentric velocity (60 km/sec), is 
certainly not synonymous with the in- 
crease in the number of meteorites 
found in the Earth's atmosphere. 
Fast-moving meteors of the same mass 
are much brighter and are thus observed 
in greater numbers than slow meteors. 
A similar effect, related to meteoric 
ion.ization, results in an increase in 
the number of meteors observed by 
radar. In general, the role of the 
meteor streams in the introduction of 
a substance into the Earth's atmosphere 
is very modest in comparison to spora- 
dic meteors. Thus, according to B. Yu. 
Levin [ 391 , the Perseids llsupply'l the 
Earth with about 100 kg/day during the 
maximum period, while sporadic meteors 
(moving primarily in the same direction 
as the Earth, and thus having minimum 
geocentric velocity) "supply" the Earth 
with much more material (by several 
orders of magnitude). 

Let us now consider the regime of 
the air flow around the container with 
the incident flow. We will use the 

characteristic dimensions of a container L = 1 m y  the temperature 
curve according to the data in [ 4 0 ] ,  and other characteristics of /57 
the atmosphere according to C411, and we will calculate the prin- 
cipal characteristics of the streamline flow of the container 
(see Table 1). 

- 
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T A B L E  1. CHARACTERISTICS OF T H E  STREAMLINE FLOW OF T H E  C O N T A I N E R  

H .  t i 11  

7s 
80 
85 
90 
95 

7s 
SO 
85 
00 
05 

3,03 
&00 

2*:35 
2.73 

l,07 

T, "K 

157 
162 
154 
I G2 
1 SU 

Re 

1. c.11 

. -. 

0, 20 
0.43 
0,95 
2,1 
4 l 5  

I 

N o t e :  1 i s  t h e  l e n g t h  o f  t h e  mean f r e e  p a t h  o f  t h e  m o l e c u l e s  i n  
t h e  a i r ;  q i s  t h e  v i s c o s i t y ;  a i s  t h e  s p e e d  o f  s o u n d ;  V i s  t h e  
s p e e d  o f  t h e  r o c k e t  ( a c c o r d i n g  t o  c 3 4 1 ;  M a , R e ,  K a r e  t h e  Mach 
n u m b e r ,  t h e  R e y n o l d s  n u m b e r ,  a n d  t h e  Khudsen  n u m b e r ,  r e s p e c t i v e l y .  

An e x a m i n a t i o n  o f  T a b l e  1 shows  t h a t  t h e  r o c k e t  moved i n  a 
g l i d e  r e g i m e  d u r i n g  t h e  s t a g e  when t h e  t e s t s  w e r e  m a d e .  A c t u a l l y ,  
b o t h  c r i t e r i a  o f  t h i s  r e g i m e ,  

a r e  s a t i s f i e d  f o r  t h e  e n t i r e  s t a g e .  

I t  i s  w e l l  known t h a t  a g l i d e  c o u r s e  i s  c h a r a c t e r i z e d  by  t h e  
f a c t  t h a t  t h e  t a n g e n t i a l  v e l o c i t y  c o m p o n e n t  o f  t h e  f l o w  a t  t h e  
s u r f a c e  o f  t h e  b o d y  i s  l o w  b u t  f i n i t e .  " A t  a l t i t u d e s  e x c e e d i n g  
7 0  km a b o v e  t h e  E a r t h ,  t h e  a t m o s p h e r e  c e a s e s  t o  b e  a d e n s e  g a s  a n d  
r e s e m b l e s  a c l u s t e r  o f  s i n g l e  m o l e c u l e s  b o m b a r d i n g  t h e  s u r f a c e  o f  
t h e  r o c k e t  i n  t h e  same way a s  r a i n d r o p s .  The mean f r e e  p a t h  o f  
t h e  m o l e c u l e s  i n  t h e  a i r  d o e s  r e m a i n  v e r y  s m a l l ,  o n  t h e  o r d e r  o f  
s e v e r a l  f r a c t i o n s  o f  a c e n t i m e t e r ,  b u t  w e  c a n n o t  a t t r a c t  t h e  
b o u n d a r y  m o l e c u l e s  w i t h  t h o s e  a d h e r i n g  t o  t h e  s u r f a c e  o f  t h e  
r o c k e t .  The m o l e c u l e s  c o l l i d e  w i t h  t h e  s u r f a c e  a n d  r e b o u n d  f r o m  
i t ,  s l i p p i n g  p a s t  i t :  we a r e  n o t  s a y i n g  t h a t  t h e  g a s  b e g i n s  t o  
s l i p  a w a y . "  T h i s  i s  how M .  D a v i e n  d e s c r i b e s  t h i s  r e g i m e  c 4 2 1 .  

/ 5 8  - 
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In our case, the situation is more complex due to the presence 
of dust particles in the flow; the dust particles are macroscopic 
bodies in relation to the molecules in the air, and insignificantly 
small in relation to the container. F o r  dust particles with dimen- 
sions of 10-4-10-6cm, the Knudsen number is K = 2.103-4.106 and the 
flow is free-molecular. 

All these concepts, as well as those in C381, should be con- 
sidered in establishing the theory of the experiment, making tests 
of the particles in noctilucent clouds with the aid of rockets. 
Although this theory has not been established completely, we can 
make some approximate evaluations. 

In an article by R. Soberman and C. Hemenway, the authors 
attempted to calculate the flux of meteor particles entering the 
atmosphere on the basis of the data for the experiment of August 7, 
1962 (when there were no noctilucent clouds) as well as a similar 
launching in the U S A  on June 6 ,  1961 (White Sands, New Mexico). 
In the calculations, the authors considered that the particles lost 
their cosmic velocity before entering the sampler, and that they 
were precipitated solely by the effect of the force of gravity, 
which was partly counterbalanced by the pressure of the molecules 
encountered in the air. The fringe effects of the streamline flow 
over the container were not considered. F o r  the experiment of 
August 7 1962, it was determined that the flow of particles with 
d>>3'10-'cm was equal to 0.6 cm-2sec-1; for the launching on 
June 6, 1961, it was established that the flow of particles with 
d>>10-5 cm was equal to 0.25 cm-2sec-1. The distribution of the 
particles by size for 5.10-6<d<10-4 can be described by the follow- 
ing rule: 

where p w 2  (for the particles in the noctilucent clouds with 3<p<4). 
Therefore, the distribution of particles by mass should be the 
following (for p = 2): 

In Formulas (2) and (3), ND and NM are the number of particles 
with diameters and masses which exceed the corresponding values of 
d and m .  

We should note that in the normal rule for the distribution 
of meteors [39], ~ 2 . 3 ,  and N N - m - l .  
results of the experiment of August 11, 1962 (when it was deter- 
mined that 3<p<4) are closer to most of the meteor data. 

From this point of view, the 
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Although the Values of the particle flux for August 11, 1 9 6 2  
were not calculated in C 3 3 1 ,  we can evaluate the flux of particles 
with d > > 2 . 1 0 - 6  cm by comparing the distributions for N ( d )  in [ 3 3 ]  
and [ 4 3 ] ;  the result is 75 cm-2sec-1. Making similar calculations 
for d = 1 0 - 6 ,  lov5, and 1 0 - 4  cm, we can obtain the following esti- 
mates for the particle flux $ ,  the precipitation rates v and the 
volume concentration of the particles x (see Table 2). 

TABLE 2. ESTIMATES OF THE FLUX F o r  the'sake of compari- 

P '  

AND CONCENTRATION OF 
IN THE NOCTILUCENT 

PARTICLES son, the lower three rows in /59 
CLOUDS 

d. CJI 

10-5 IO-* 

3 
55 
25 

2-100 
4 
- 

Table 2 show the concentrations 
of particles obtained by myself 
[ 2 3 ] ,  Ludlam [6],.and C .  I. 
Villmann C441. It is easy to 
see that the concentrations for 
August 11, 1 9 6 2  are close to 
the marginal limits which I 
found by analyzing the photo- 
metric observations conducted 
by V.V. Sharonov; they are also 
close to C.I. Villmann's esti- 
mates, and do not exceed Lud- 
lam's. 

- 

1 

However, since only particles with d > l O - 5  cm form a "halo" 
around themselves (as we have already mentioned), the real con- 
centration of particles in the noctilucent clouds (and not meteor 
particles) for August 11, 1962 did not exceed 1 cm-3 (which is 
roughly one order less than the concentration of particles in 
cirrus). 

In conclusion, we should mention the disappointing misunder- 
standing described by I.A. Khvostikov [17] concerning the meteoric- 
ice hypothesis for the formation of noctilucent clouds (which he 
calls the "compromise" hypothesis described in an article written 
by myself). Having shown correctly that the water (ice) and the 
"compromiseT' hypotheses are essentially the same, and that part- 
icles of meteoric origin are the primary condensation nuclei of 
the particles in noctilucent clouds, I.A. Khvostikov wrote: "the 
defenders of the water hypothesis have the strange opinion that 
there are water drops or ice crystals forming in the mesopause 
without condensation nuclei". He also shows the lack of a basis 
of such an opinion. Since he has made reference to my works 
before this [23], I consider it necessary to mention that no such 
opinion was given in any of my articles (or in the articles of 
other authors), and thus no repudiation is needed. On the other 

_ _ _  ._ . _  - - .  - - - _ _  
'The numerical differences in the data in Table 2 and the original 
studies [6,23,44] can be explained by the transition we made from 
radii to diameters. 
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hand, I have attempted to confirm and develop I.A. Khvostikov's 
theory in my articles C20-241, and I find no divergences from that 
theory. As for the role of the meteor particles, we have attempted 
to describe certain aspects of it in this article. 
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THE T H E O R Y  OF WAVE MOVEMENTS I N  NOCTILUCENT CLOUDS 

B.N. T r u b n i k o v  

A B S T R A C T :  T h i s  a r t i c l e  d e s c r i b e s  an  a n a l y s i s  o f  t h e  
wave movements i n  n o c t i l u c e n t  c l o u d s .  On t h e  b a s i s  o f  
t h e  c a l c u l a t i o n s ,  t h e  a u t h o r  d e t e r m i n e d  t h e  r a t e  a t  
wh ich  t h e  d i s t a n c e  b e t w e e n  t h e  l e a d i n g  edge  and t h e  
t r a i l i n g  edge  o f  a n o c t i l u c e n t  c l o u d  bank i n c r e a s e s .  

1. The F o r m a t i o n  o f  Wave Movements  i n  N o c t i l u c e n t  C l o u d s  

/ 6 2  I n  a d d i t i o n  t o  t h e  d a t a  f r o m  o b s e r v a t i o n s  o f  i o n o s p h e r i c  - 
d r i f t s  a n d  d r i f t s  o f  m e t e o r  t r a i l s ,  u s e  o f  t h e  d a t a  f r o m  o b s e r v a -  
t i o n s  o f  n o c t i l u c e n t  c l o u d s  i s  o f  d e f i n i t e  i n t e r e s t  i n  s t u d y i n g  
t h e  d y n a m i c s  o f  t h e  u p p e r  a t m o s p h e r e .  I t  i s  w e l l  known t h a t  n o c -  
t i l u c e n t  c l o u d s  a r e  c h a r a c t e r i z e d  by  t h e  f o l l o w i n g  f e a t u r e s :  

.(1) U n i f o r m i t y  o f  $ h e  a l t i t u d e s  a t  w h i c h  n o c t i l u c e n t  c l o u d s  
a r e  f o r m e d  ( 7 9 - 8 4  k m ) ,  w h i c h  h a s  b e e n  c o n f i r m e d  by  m o d e r n  s t e r e o -  
p h o t o g r a m m e t r i c  m e a s u r e m e n t s  [l]; 

( 2 )  A p p e a r a n c e  o f  n o c t i h l u c e n t  c l o u d s  i n  a l i m i t e d  l a t i t u d i -  
n a l  z o n e  ( 4 5 - 6 5 O )  C21; 

( 3 )  S e a s o n a l  l o c a l i z a t i o n  f o r  t h e  a p p e a r a n c e  o f  n o c t i l u c e n t  
c l o u d s  d u r i n g  t h e  summer [ S I ;  

( 4 )  Wave m o v e m e n t s  i n  n o c t i l u c e n t  c l o u d s .  

A f a c t u a l  e x a m i n a t i o n  o f  t h e  s p e c t r u m  a n d  d y n a m i c s  o f  t h e  
waves  i n  n o c t i l u c e n t  c l o u d s  h a s  b e e n  c o n d u c t e d  i n  g r e a t  d e t a i l  i n  
C4-61 .  

A c c o r d i n g  t o  c 4 - 6 1 ,  v e r y  m o b i l e  a n d  c h a n g i n g  wave f o r m a t i o n s  
( " s m a l l  c r e s t s "  a n d  " c r e s t s " )  a r e  o b s e r v e d  i n  t h e  f i e l d  o f  n o c t i -  
l u c e n t  c l o u d s .  T h i s  i s  a c c o m p a n i e d  by  a n o n u n i f o r m  d i s t r i b u t i o n  
o f  t h e  c l o u d  mass o v e r  t h e  wave s u r f a c e ,  ? . e . ,  c o n s o l i d a t i o n  a n d  
a c c u m u l a t i o n  o f  t h e  c l o u d  mass a t  t h e  c r e s t s  a n d  a c o m p l e t e  o r  
p a r t i a l  e v a p o r a t i o n  o f  t h e  c l o u d s  a t  t h e  t r o u g h s  o f  t h e  w a v e s .  
The w a v e s  o c c u p y  a d e f i n i t e  l i m i t e d  a r e a ,  a n d  show d e f i n i t e  d i s -  
p e r s i o n .  

I n  p a r t i c u l a r ,  t h e  movement  o f  n o c t i l u c e n t  c l o u d s  i s  o f t e n  
i n t e r p r e t e d  a s  a n  a c t u a l  w ind  a t  t h e  p e a k  o f  t h e  m e s o s p h e r e .  A t  
t h e -  same t i m e ,  t h e r e  a r e  o b j e c t i o n s  a g a i n s t  u s i n g  a s t u d y  of t h e  
movement o f  n o c t i l u c e n t  c l o u d s  a s  a m e t h o d  o f  m e a s u r i n g  t h e  w a v e s  
[ 7 ] .  The v a l u e s  f o r  t h e  w i n d  v e l o c i t y  o b t a i n e d  b y  o b s e r v a t i o n s  
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o f  n o c t i l u c e n t  c l o u d s  c a n  s o m e t i m e s  e x c e e d  t h e  v a l u e s  f o r  t h e  w i n d  
v e l o c i t y  o b t a i n e d  b y  t h e  m e t e o r  m e t h o d ,  a l t h o u g h  t h e  h e i g h t  o f  t h e  
m e a s u r e m e n t s  i n  b o t h  c a s e s  i n c l u d e s  t h e  m e t e o r  z o n e .  S i n c e  t h e  
movement  o f  n o c t i l u c e n t  c l o u d s  i s  e v a l u a t e d  a c c o r d i n g  t o  t h e  move- 
m e n t  o f  t h e  b r i g h t e s t  f o r m a t i o n s ,  i t  i s  p o s s i b l e  t h a t  t h e  movement  
o f  t h e  w a v e s  i n  a f i e l d  o f  n o c t i l u c e n t  c l o u d s  c a n  b e  m i s t a k e n  f o r  
t h e  movement o f  t h e  n o c t i l u c e n t  c l o u d s  t h e m s e l v e s ,  i d e n t i f i e d  w i t h  
t h e  wind  v e l o c i t y .  

The t a s k  o f  t h i s  a r t i c l e  i s  t o  d e s c r i b e  t h e  e v o l u t i o n  o f  t h e  
d i s t r u b a n c e s  w i t h  t i m e ,  a n d  t o  e s t a b l i s h  t h e  wave m o v e m e n t s  i n  
t h e m ,  i f  p o s s i b l e .  We w i l l  d o  t h i s  o n  t h e  b a s i s  o f  t h e  i n i t i a l  
d i s t u r b a n c e s  o f  t h e  w i n d  a n d  t e m p e r a t u r e  f i e l d s  i n  t h e  m e s o s p h e r e .  

/ 63 - 

We c o u l d  m e n t i o n  a l a r g e  number  o f  s o u r c e s  w h i c h  c a u s e  t h e  
a p p e a r a n c e  o f  t e m p e r a t u r e  a n d  w i n d  a n o m a l i e s  i n  t h e  z o n e  o f  t h e  
m e s o p a u s e  a n d  t h e  e x c i t a t i o n  o f  wave m o v e m e n t s  i n  t h e  n o c T i l u c e n t  
c l o u d s .  

(1) A s  was m e n t i o n e d  i n  [ 8 ]  a n d  f u r t h e r  d e v e l o p e d  i n  [ S I ,  
t h e  a p p e a r a n c e  o f  n o c t i l u c e n t  c l o u d s  i s  l i n k e d  w i t h  t h e  m e t e o r o -  ' 

l o g i c a l  c o n d i t i o n s  i n  t h e  t r o p o s p h e r e .  T h u s ,  a n  i n t e n s e  i n c r e a s e  
i n  p r e s s u r e  was o b s e r v e d  i n  t h e  g r o u n d  l a y e r  o f  t h e  a t m o s p h e r e  b e -  
n e a t h  n o c t i l u c e n t  c l o u d s  i n  1 9 5 0 .  I n  1 9 5 1 ,  all t h e  n o c t i l u c e n t  
c l o u d s  a p p e a r e d  a g a i n s t  t h e  b a c k g r o u n d  o f  a n  i n c r e a s e  i n  t h e  
g r o u n d  p r e s s u r e .  An a n a l y s i s  o f  t h e  e v o l u t i o n  o f  t h e  m o r p h o l o g y  
a n d  l o c a t i o n  o f  p r o j e c t i o n  o f  t h e  c l o u d s  w h i c h  c o i n c i d e  w i t h  t h e  
p a t h  o f  t h e  m o s t  a c t i v e  l i n e s  f o r  p r o p a g a t i o n  o f  h i g h  p r e s s u r e  
s h o w s  ( a c c o r d i n g  t o  [ S I )  t h e  p r e s e n c e  o f  a c e r t a i n  m e c h a n i s m  o f  
i n t e r a c t i o n  b e t w e e n  t h e  t r o p o s p h e r i c  p r o c e s s e s  a n d  t h e  w a v e s  i n  
t h e  m e s o p a u s e .  The f l u x  o f  e n e r g y  f r o m  t h e  t r o p o s p h e r e  d u e  t o  d i s -  
t u r b a n c e s  on a p l a n e t a r y  s c a l e  ( 1 0 3  e r g - c m - 3  a c c o r d i n g  t o  c a l c u -  
l a t i o n s  i n  [ 9 1 )  w a s  e x a m i n e d  t h e o r e t i c a l l y  i n  [ 9 ] .  T h i s  work 
showed  t h a t  m o s t  o f  t h e i r  e n e r g y  i s  t r a p p e d  i n  t h e  t r o p o s p h e r e  
a n d  s t r a t o s p h e r e  ( e x c l u d i n g  t h e  p e r i o d s  o f  t h e  e q u i n o x ) .  However ,  
i t  w a s  shown q u a l i t a t i v e l y  i n  [ 5 ]  t h a t  g r a v i t y  w a v e s  d i s p e r s i n g  
u p w a r d  c a n  b e  f o u n d  a t  t h e  b o u n d a r y  o f  a n  a n t i c y c l o n i c  f o r m a t i o n .  
A c c o r d i n g  t o  [lO,ll], i n t e r n a l  g r a v i t y  w a v e s  d i s p e r s i n g  u p w a r d  
f r o m  t h e  s t r a t o s p h e r e  c a n  c a u s e  t h e  f o r m a t i o n  o f  t h e  b a n k s  i n  n o c -  
t i l u c e n t  c l o u d s .  A c c o r d i n g  t o  t h e  c a l c u l a t i o n s  i n  [ 1 2 ] ,  t h e  
v a l u e  o f  t h e  e n e r g y  f l u x  d u r i n g  t h e  summer p e r i o d  c a n  r e a c h  
1 0 3 - 1 0 4  e r g . s e c - l c m 2  i n  o s c i l l a t i o n  f r e q u e n c i e s  w i t h  p e r i o d s  f r o m  
7 . 5  m i n  t o  2 h o u r s .  T h u s ,  u n d e r  t h e  c o n d i t i o n s  o f  a n  a n t i c y c l o n i c  
s i t u a t i o n ,  t h e  o r o g r a p h y ,  c o n v e c t i o n ,  a n d  o s c i l l a t i o n  o f  t h e .  s u r -  
f a c e s  o f  a r e g i o n  c a n  e x c i t e  g r a v i t y  w a v e s  w h i c h  p o s s i b l y  w i l l  
l e a k  i n t o  t h e  m e s o s p h e r e  a n d  e x c i t e  t h e  w a v e s  i n  t h e  m e s o s p h e r e .  

( 2 )  The r a d i a t i o n  a n d  d y n a m i c  p r o c e s s e s  i n  t h e  t w i l i g h t  
z o n e  a r e  a n o t h e r  p o s s i b l e  m e c h a n i s m  f o r  t h e  e x c i t a t i o n  o f  t h e  
w a v e s  i n  a z o n e  o f  n o c t i l u c e n t  c l o u d s .  An i n t e r p r e t a t i o n  a n d  
a n a l y s i s  o f  t h e  r e s u l t s  o f  t h e  o r b i t a l  m e a s u r e m e n t s  w i t h  t h e  f i r s t  
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S o v i e t  a r t i f i c i a l  E a r t h  s a t e l l i t e s  ( 1 9 5 7  B 1, 1 9 5 8  8- 2, e t c . ) ,  a s  
w e l l  a s  A m e r i c a n  s a t e l l i t e s  [ 1 3 - 1 5 1 ,  showed  t h a t  s o l a r  e l e c t r o m a g -  
n e t i c  h e a t i n g  s h o w s  u p  i n  t h e  a p p e a r a n c e  of a n  a t m o s p h e r i c  e x p a n -  
s i o n  o n  t h e  d a y  s i d e  o f  t h e  E a r t h ,  i n  r i s i n g  a n d  f a l l i n g  m o v e m e n t s  
of t h e  a t m o s p h e r e ,  t h e  a m p l i t u d e  o f  w h i c h  d e p e n d s  o n  t h e  f l u x  o f  
s o l a r  s h o r t - w a v e  r a d i a t i o n  a b s o r b e d  b e t w e e n  1 0 0  a n d  2 0 0  km. T h u s ,  
t h e  E a r t h ' s  a t m o s p h e r e  i n v o l v e d  i n  t h e  E a r t h ' s  r o t a t i o n  u n d e r g o e s  
a t h e r m a l  d i s t u r b a n c e  o v e r  t h e  i l l u m i n a t e d  h e m i s p h e r e ,  w h i c h  
( a c c o r d i n g  t o  t h e  t h e o r y  o f  t h e  e x c i t a t i o n  of w a v e s  i n  a s t a b l e  
a t m o s p h e r e )  c a n  g e n e r a t e  w a v e s  i n  t h e  a t m o s p h e r e  o v e r  t h e  n o n -  
i l l u m i n a t e d  h e m i s p h e r e ;  t h i s  phenomenon  a p p e a r s  i n  t h e  wave move- / 6 4  
m e n t s  o f  n o c t i l u c e n t  c l o u d s .  A c c o r d i n g  t o  [ 6 ] ,  t h e  c h a n g i n g  r a d i -  
a t i o n  c o n d i t i o n s  o n  t h e  n i g h t  s i d e  c a u s e  t h e  a p p e a r a n c e  o f  t h e  
v e i l - l i k e  f o r m  i n  n o c t i l u c e n t  c l o u d s .  

- 

( 3 )  The c o r p u s c u l a r  h e a t i n g  o f  t h e  u p p e r  a t m o s p h e r e  c a n  a l s o  
b e  t h e  s o u r c e  o f  t h e  t e m p e r a t u r e  a n d  w i n d  a n o m a l i e s  w h i c h  c a n  e x -  
c i t e  waves  i n  t h e  u p p e r  a t m o s p h e r e  ( a s  w e  w i l l  show l a t e r ) .  Even  
i n  [ 1 6 ] ,  c a l c u l a t i o n s  h a v e  shown t h a t  t h e  a t m o s p h e r e  i s  h e a t e d  
d u r i n g  m a g n e t i c  s t o r m s  i n  a n  a u r o r a l  z o n e  a t  t h e  l e v e l  o f  t h e  E 
l a y e r  w i t h  a r e l e a s e  o f  e n e r g y  o f  a b o u t  2 .34 .10 -4  e r g - s e c - l - c m - 3  
i n  a c u r r e n t - c a r r y i n g  l a y e r  w i t h  a w i d t h  o f  3 0 0  km a n d  a t h i c k n e s s  
o f  4 0  km. 

T h e s e  r e s u l t s  were  c o n f i r m e d  b y  t h e  s u b s e q u e n t  r e s u l t s  of 
s a t e l l i t e  o b s e r v a t i o n s .  T h u s ,  t h e  a u t h o r  of E 1 7 1  showed  t h a t  t h e  
i n c r e a s e  i n  t h e  c o e f f i c i e n t  o f  t h e  a v e r a g e  a n o m a l y  n' o f  t h e  s a t -  
e l l i t e  f o r  t h e  q u a d r a t i c  t e r m  c o r r e l a t e d  w i t h  t h e  g e o m a g n e t i c  
d i s t u r b a n c e s .  A l m o s t  a l l  t h e  s t r o n g  m a g n e t i c  d i s t u r b a n c e s  c o r r e -  
s p o n d e d  t o  t h e  i n c r e a s e  of n'. The r e s u l t s  of o r b i t a l  o b s e r v a t i o n s  
o f  m o s t  o f  t h e  S o v i e t  a n d  A m e r i c a n  a r t i f i c i a l  E a r t h  s a t e l l i t e s  were  
a n a l y z e d  i n  [ 1 8 , 1 9 ] ,  a n d  t h e r e  was shown t o  b e  a g r e a t  i n c r e a s e  i n  
t h e  s o - c a l l e d  a c c e l e r a t i o n  o f  t h e  s a t e l l i t e  ( d e c r e a s e  i n  t h e  p e r i o d  
o f  r o t a t i o n  w i t h  a n  i n c r e a s e  i n  t h e  number  o f  t u r n s  - t h e  " p a r a d o x "  
o f  a s a t e l l i t e ) ,  d T / d n  ( T  i s  t h e  p e r i o d  o f  r o t a t i o n ,  n i s  t h e  num- 
b e r  o f  t u r n s ) ,  d u r i n g  m a g n e t i c  s t o r m s  ( f o r  e x a m p l e ,  o n e  o f  w h i c h  
s h o r t e n e d  t h e  l i f e t i m e  o f  " S p u t n i k - 3 "  b y  1 0  h o u r s ,  a c c o r d i n g  t o  
C 1 8 1 .  A c c o r d i n g  t o  t h e  d a t a  o b t a i n e d ,  t h e  a u t h o r  o f  [ 1 8 , 1 9 1  c o n -  
s t r u c t e d  t h e  f u n c t i o n  of t h e  h e a t i n g  of t h e  u p p e r  a t m o s p h e r e ;  i t  
i n c r e a s e d  l i n e a r l y  f r o m  t h e  m e s o p a u s e  t o  c e r t a i n  h e i g h t s  i n  t h e  
t h e r m o s p h e r e .  T h e s e  d a t a  a l s o  a g r e e d  w i t h  t h e  r e s u l t s  o f  t h e  
s t u d i e s  i n  [ 2 0 , 2 1 ]  w h i c h  e s t a b l i s h e d  ( a s  i n  [ 1 8 , 1 9 ] )  a d i r e c t  
c o r r e l a t i o n  b e t w e e n  t h e  g e o m a g n e t i c  p l a n e t a r y  B a r t e l s  i n d e x  a n d  
t h e  d i s t u r b a n c e s  o f  t h e  d e n s i t y  i n  t h e  t h e r m o s p h e r e .  A c c o r d i n g  
t o  [ 2 2 - 2 4 3 ,  t h e  c o r p u s c u l a r  h e a t i n g  w a s  c a u s e d  by  t h e  p e n e t r a t i o n  
o f  p a r t i c l e s  t r a p p e d  by  t h e  g e o m a g n e t i c  f i e l d  i n  t h e  s o - c a l l e d  
Van A l l e n  b e l t s  i n  a n  a u r o r a l  z o n e .  

The e f f e c t  o f  c o r p u s c u l a r  h e a t i n g  w a s  m o d e l e d  i n  [ 2 5 1  a s  a 
f u n c t i o n .  The h e a t i n g  c h a n g e d  l i n e a r l y  w i t h  t h e  h e i g h t  f r o m  z e r o  
f o r  p = 0 t o  maximum for p = 0 . 1  mb, a n d  i n c r e a s e d  l i n e a r l y  t o  
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z e r o  f o r p  = 0.2 mb; t h i s  w a s  f o u n d  i n  t h e  a r e a  i n  w h i c h  t h e  a u r o -  
r a l  a c t i v i t y  w a s  maximum ( i . e . ,  i n  t h e  v i c i n i t y  o f  60°N, or t h e  
z o n e  w h e r e  t h e  e n d s  o f  t h e  o u t e r  r a d i a t i o n  b e l t  a r e  " s u b m e r g e d "  
i n  t h e  a t m o s p h e r e ) .  

The " i n c l u s i o n "  o f  h e a t  s o u r c e s  d u r i n g  m a g n e t i c  s t o r m s ,  a n d  
t h e  s u b s e q u e n t  r e m o v a l  o f  t h e s e  s o u r c e 5  C251, a l s o  c a u s e s  w a v e s  
i n  a s t a b l e  a t m o s p h e r e  ( a s  w e  w i l l  s h o w ) .  The l e n g t h  o f  t h e s e  
w a v e s  i s  d e t e r m i n e d  b y  t h e  w i n d  a n d  t e m p e r a t u r e  f i e l d .  S u c h  w a v e s  
c a n  b e  o b s e r v e d  i n  n o c t i l u c e n t  c l o u d s .  

I n  r e l a t i o n  t o  t h i s ,  i t  i s  n a t u r a l  t o  e x p e c t  t h a t  t h e  a p p e a r -  
a n c e  o f  n o c t i l u c e n t  c l o u d s  w i l l  b e  a c c o m p a n i e d  by  g e o m a g n e t i c  a n d  /65 
i o n o s p h e r i c  d i s t u r b a n c e s  a n d  a u r o r a s  d u e  t o  t h i s  m e c h a n i s m  o f  e x -  
c i t a t i o n .  T h i s  w a s  n o t e d  by  t h e  r e s e a r c h e r s  i n  [ 2 6 , 2 7 1 ,  who o b -  
s e r v e d  a u r o r a s  a t  t h e  same t i m e  a s  n o c t i l u c e n t  c l o u d s .  

S p o n t a n e o u s  l i b e r a t i o n  o f  t h e  h e a t  o f  s u b l i m a t i o n  Q s u b l  
o f  t h e  w a t e r  v a p o r  o n  i c e  n u c l e i  or m e t e o r i c  n u c l e i  o f  s u b l i m a t i o n  
c a n  b e  a n o t h e r  p o s s i b l e  s o u r c e  o f  t h e  wave m o v e m e n t s  i n  t h e  meso-  
p a u s e ,  i f  w e  h o l d  t o  t h e  i c e  h y p o t h e s i 5  f o r  t h e  f o r m a t i o n  o f  n o c -  
t i l u c e n t  c l o u d s  [ 2 8 ] .  

2 .  Theory  o f  t h e  G r o w t h  o f  I c e  P a r t i c l e s  i n  t h e  Upper Atmosphere 

I t  i s  w e l l  known t h a t  t h e r e  i s  a n  i c e  h y p o t h e s i s  a n d  a d u s t  
h y p o t h e s i s  c o n c e r n i n g  t h e  f o r m a t i o n  o f  n o c t i l u c e n t  c l o u d s ,  a s  w e l l  
a s  a c o m p r o m i s e  t h e o r y  a c c o r d i n g  t o  w h i c h  t h e  w a t e r  v a p o r  i s  s u b l i -  
m a t e d  i n  m e t e o r i c  n u c l e i .  

A c c o r d i n g  t o  [ 2 9 ] ,  t h e  d u s t  h y p o t h e s e s  d o e s  n o t  e x p l a i n  t h e  
l o c a l i z a t i o n  o f  t h e  c l o u d  p a r t i c l e s  a t  a d e f i n i t e  a l t i t u d e  
( 8 0 - 8 5  k m )  a n d  l a t i t u d e  a n d  d u r i n g  a d e f i n i t e  s e a s o n ,  n o r  d o e s  i t  
p r o v i d e  a c o r r e l a t i o n  b e t w e e n  t h e  a p p e a r a n c e  o f  n o c t i l u c e n t  c l o u d s  
a n d  m e t e o r  s t r e a m s .  A t  t h e  same t i m e ,  I . A .  K h v o s t i k o v ' s  d i a g r a m  
e x p l a i n s  t h e  s t a b i l i t y  o f  t h e  r a n g e  o f  a l t i t u d e s  o f  n o c t i l u c e n t  
c l o u d s  ( t h e  p r e s s u r e  o f  t h e  s a t u r a t i n g  w a t e r  v a p o r  E < < a p ,  w h e r e  
a i s  t h e  r e l a t i v e  p e r c e n t a g e  o f  w a t e r  v a p o r  i n  t h e  a i r ,  p i s  t h e  
p r e s s u r e  o f  t h e  a i r ,  a = 1/4000, T = 150°K [ 3 0 ] ,  t h e  s e a s o n a l  
p a t t e r n  ( t h e  l o w e s t  t e m p e r a t u r e s ,  a b o u t  190OK) a r e  o b s e r v e d  a t  a n  
a l t i t u d e  o f  80 -85  km d u r i n g  t h e  summer a t  a l a t i t u d e  o f  a b o u t  65ON 
C311, a n d  t h e  l a t i t u d i n a l  p a t t e r n  f o r  t h e  a p p e a r a n c e  o f  n o c t i l u c e n t  
c l o u d s  ( d i f f e r e n t  a l t i t u d i n a l  p a t t e r n s  o f  t e m p e r a t u r e  a t  l o w  a n d  
h i g h  l a t i t u d e s  C 2 9 1 ) .  T h i s  a g r e e s  w i t h  t h e  d a t a  p r e s e n t e d  i n  
S e c t i o n  1. 

A c c o r d i n g  t o  [ 3 2 ] ,  p h o t o m e t r i c  o b s e r v a t i o n s  show t h a t  t h e  
o s c i l l a t i o n s  o f  t h e  a b s o l u t e  b r i g h t n e s s  o f  n o c t i l u c e n t  c l o u d s  c a n  
b e  e x p l a i n e d  n a t u r a l l y  o n l y  by  a d o p t i n g  t h e  i c e  ( " c o n d e n s a t i o n " )  
h y p o t h e s i s .  A s  f o r  t h e  f r e q u e n c y  of a p p e a r a n c e  o f  n o c t i l u c e n t  
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c l o u d s  d u r i n g  t h e  m o r n i n g  a n d  e v e n i n g ,  t h e  a u t h o r  o f  [2] h o l d s  t h e  
o p i n i o n  t h a t  t h e  o b s e r v a t i o n s  a g r e e  w i t h  b o t h  t h e  c o n d e n s a t i o n  
h y p o t h e s i s  a n d  t h e  m e t e o r  h y p o t h e s i s .  

I n  t h i s  a r t i c l e ,  w e  w i l l  b e  e x a m i n i n g  t h e  f o r m a t i o n  of t h e  
wave m o v e m e n t s  i n  n o c t i l u c e n t  c l o u d s  f r o m  t h e  p o i n t  o f  v i e w  o f  t h e  
c o n d e n s a t i o n  a n d  d u s t  h y p o t h e s e s .  

A c c o r d i n g  t o  C331,  t h e  g r o w t h  r a t e  o f  s m a l l  i c e  p a r t i c l e s  a t  
a l o w  p r e s s u r e  c a n  b e  d e t e r m i n e d  by  t h e  f o l l o w i n g  e q u a t i o n :  

Ce - e ( r ) l ,  d r  a - =  
i c e  at P i c e  4- 

w h e r e  a i s  t h e  c o e f f i c i e n t  o f  s u b l i m a t i o n ;  p i c e  i s  t h e  d e n s i t y  o f  . / 6 6  - 
t h e  i c e ;  Rw i s  t h e  g a s  c o n s t a n t  o f  t h e  w a t e r  v a p o r ;  e i s  t h e  a m -  
b i e n t  p r e s s u r e  o f  t h e  w a t e r  v a p o r ;  e i c e ( r )  i s  t h e  e q u i l i b r i u m  v a p o r  
p r e s s u r e  a b o v e  a n  i c e  s p h e r e  w i t h  r a d i u s  r ;  T i s  t h e  t e m p e r a t u r e .  
If t h e r e  were n o  s u b l i m a t i o n ,  we w o u l d  h a v e  t h e  f o l l o w i n g :  

e = e , ( ( k )  ' I z  . 

Here ,  TO i s  t h e  f r e e z i n g  p o i n t .  H o w e v e r ,  t h e  d e c r e a s e  i n  t h e  p r e s -  
s u r e  of t h e  w a t e r  v a p o r  ef; c a u s e d  b y  s u b l i m a t i o n  i s  t h e  f o l l o w i n g :  

e* 4n 
RwT NPice 3 - (r3 - r;71uc$, - - -. 

w h e r e  N i s  t h e  number  o f  c l o u d  p a r t i c l e s  p e r  u n i t  ' v o l u m e ;  rnuc i s  
t h e  r a d i u s  o f  t h e  s u b l i m a t i o n  n u c l e i  w h i c h  c a n  b e  p a r t i c l e s  o f  a 
m e t e o r i c  o r i g i n  a c c u m u l a t e d  i n  t h e  m e s o p a u s e ,  s o  t h a t  a c c o r d i n g  t o  
C 3 3 1 ,  

The t e m p e r a t u r e  c h a n g e  i n  t h e  p r e s s u r e  o f  t h e  w a t e r  v a p o r  
a b o v e  t h e  i c e  c a n  b e  d e s c r i b e d  by t h e  C l a u s i u s - C l a p e y r o n  e q u a t i o n ,  

e - -  d e  i c e  ' s u b 1  i c e  
dT - R T2 

W 
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s o  t h a t  w e  h a v e  t h e  f o l l o w i n g :  

C o n s i d e r i n g  t h e  c h a n g e  i n  t h e  p r e s s u r e  o f  t h e  w a t e r  v a p o r  
a b o v e  a n  i c e  p a r t i c l e  w i t h  a n  e f f e c t i v e  r a d i u s  o f  

w h e r e  o i s  t h e  s u r f a c e  e n e r g y  a t  t h e  i c e - v a p o r  b o u n d a r y .  
u s i n g  ( 3 ) ,  w e  w i l l  o b t a i n  t h e  f o l l o w i n g :  

A f t e r  

( 4 )  

S u b s t i t u t i n g  ( 2 )  a n d  ( 4 )  i n t o  (l), a n d  m a k i n g  s i m p l i f i c a t i o n s  i n  
v i e w  o f  t h e  s m a l l  number  o f  i c e  p a r t i c l e s  p e r  u n i t  v o l u m e  o f  a i r ,  
we w i l l  o b t a i n  t h e  f o l l o w i n g  [ 3 3 ] :  

I ,  dr 

d t  P . I / Z V o  -== . 

i c e  

w h e r e  

( 5 )  

E q u a t i o n  ( 5 1 ,  w h i c h  w a s  o b t a i n e d  f r o m  [ 3 3 ] ,  l i n k s  t h e  r a t e  o f  
g r o w t h  ( a n d  e v a p o r a t i o n )  o f  t h e  i c e  p a r t i c l e s  t o  t h e  t e m p e r a t u r e  
o f  t h e  m e n o p a u s e .  W i t h  a c e r r , a i n  a l t i t u d e  d i s t r i b u t i o n  o f  t h e  
t e m p e r a t u r e  i n  t h e  m e s o p a u s e  T ( z ) ,  t h e r e  c a n  b e  i c e  c r y s t a _ l s  w i t h  
a r a d i u s  r d e t e r m i n e d  by ( 6 )  i n  r e a c h i n g  t h e  t e m p e r a t u r e  T ( z ) .  
L e t  u s  e x a m i n e  t h e  c h a n g e s  i n  t h e  g r o w t h  o f  c r y s t a l s  c o n t r i b u t e d  
by  d i s t u r b a n c e s  i n  t h e  s t a t i c  f i e l d  o f  t h e  t e m p e r a t u r e  X ( z ) .  I n  
v i e w  o f  t h e  s m a l l  number  o f  t h e s e  d i s t u r b a n c e s  ( t h e  f a c t o r s  e n u -  
m e r a t e d  i n  S e c t i o n  l), w e  c a n  l i n e a r i z e  ( 6 )  i n  r e l a t i o n  t o  t h e  
t e m p e r a t u r e  , a n d  
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where 

We can see from the simple expression obtained for the growth 
rat,e of ice crystals that, in order to describe the distribution of 
the elements in noctilucent clouds in time and space, it is neces- 
sary to have data concerning the disturbances of the temperature 
field in the mesosphere. 

3 .  Dete rmin ing  t h e  E v o l u t i o n  o f  t h e  D i s t u r b a n c e s  i n  t h e  W i n d  a n d  
T e m p e r a t u r e  F i e l d s  a n d  T h e i r  R e l a t i o n s h i p  t o  t h e  G r o w t h  

o f  I c e  C r y s t a l s  

In order to calculate the temperature disturbances, we will 
use the equation of heat balance in the following form: 

- dT’ 
__ - - PW + VAT’, 
dt 

where $ = ya-y;ya is the dry adiabatic temperature gradient; y is 
the vertical temperature gradient in the mesopause; v is the co- 
efficient of the turbulent mixing; 

u is the wind velocity component in the direction of the horizontal - /68 
axis x; w is the vertical wind velocity; 

According to [34-361, the combination of facts obtained from 
radar and rocket observations indicates that the atmosphere up to 
altitudes on the order of 100 km is in a state of turbulent mixing. 
On the basis of these factual materials, the processes of dissipa- 
tion are described in (8) with the aid of a semi-empirical theory 
of the turbulence with the mixing coefficient v ,  which (according 
to the data presented in [34-361 has an average value of v = 
104-105 cm2/sec at an altitude of 90 km. According to [37], it is 
possible that Helmholtz waves are observed in noctilucent clouds 
below a strong inversion beginning at an altitude of 83-85 km. 
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H o w e v e r ,  i n  c o n t r a s t  t o  t r o p o s p h e r i c  w a v e s  ( a c c o r d i n g  t o  [ 3 7 ] ) , t h e s e  
w a v e s  d o  n o t  r e g e n e r a t e  i n t o  c e l l u l a r  c o n v e c t i o n .  A t  t h e  same t i m e ,  
t h e r e  c a n  b e  c e l l u l a r  c o n v e c t i o n  i n  t h e  i m m e d i a t e  v i c i n i t y  o f  t h e  
p e a k  o f  t h e  m e s o s p h e r e ,  a c c o r d i n g  t o  C381. T h i s  i s  a l s o  c o n f i r m e d  
by  s t e r e o p h o t o g r a m m e t r i c  o b s e r v a t i o n s  [ 3 9 ]  o f  n o c t i l u c e n t  c l o u d s ,  
w h e r e  c o n v e c t i v e  g r a n u l a t i o n  i s  n o t e d .  I n  v i e w  o f  t h i s ,  ( 8 )  w a s  
w r i t t e n  a s  a s i m p l i f i c a t i o n  o f  t h e  c o n v e c t i o n  t h e o r y ,  w h e r e  t h e  
t e r m  ( - B  w )  d e s c r i b e s  t h e  n e c e s s a r y  c o n v e c t i o n  c a u s e d  by t h e  v e r -  
t i c a l  s t r a t i f i c a t i o n  o f  t h e  m e s o p a u s e .  The h e a t  f l u x  f o r  t h e  v o l -  
ume i n  q u e s t i o n  w a s  n o t  c o n s i d e r e d  i n  ( 8 ) ;  t h e  h e a t  f l u x  e x c i t e s  
t h e  e s t a b l i s h e d  c o n d i t i o n  a n d  i s  u s e d  a s  t h e  i n i t i a l  c o n d i t i o n .  

A s  w e  c a n  s e e  f r o m  ( 8 1 ,  i t  i s  n e c e s s a r y  t o  c a l c u l a t e  t h e  wind  
f i e l d  i n  o r d e r  t o  d e t e r m i n e  t h e  t e m p e r a t u r e  d i s t u r b a n c e s .  I n  w o r k s  
i n v o l v i n g  t h e  t h e o r y  o f  c l o u d  f o r m a t i o n  ( f o r  e x a m p l e ,  i n  [ 4 0 , 4 1 ]  
a n d  i n  [ 3 3 ] ,  b u t  n o t  i n  [ 4 2 , 4 3 ] ) ,  t h i s  f i e l d  i s  g i v e n  a s  c e r t a i n  
f u n c t i o n s  o f  u a n d  w w h i c h  g e n e r a l l y  d e p e n d  o n  t h e  a l t i t u d e .  I n  
t h i s  s t u d y ,  t h e  wind  f i e l d  w i l l  b e  c a l c u l a t e d  by  t h e  e q u a t i o n s  f o r  
movement u n d e r  t h e  i n i t i a l  c o n d i t i o n s  d e t e r m i n e d  by t h e  d i s t u r -  
b a n c e s  ( h o w e v e r ,  w e  w i l l  n o t  c o n s i d e r  t h e  t t p u s h - p u l l ”  e f f e c t  o f  
t h e  c l o u d  f o r m e d  i n  t h e  wind  f i e l d ,  w h i c h  w a s  s t i p u l a t e d  e a r l i e r ) .  

We w i l l  a l s o  w r i t e  t h e  e q u a t i o n s  f o r  t h e  movement w i t h  t h e  s o -  
c a l l e d  s i m p l i f i c a t i o n s  o f  t h e  t h e o r y  o f  f r e e  c o n v e c t i o n  ( i n  t h e  
o r i g i n a l  c o n d i t i o n ,  t h e  t e m p e r a t u r e  a n d  p r e s s u r e  f i e l d s  a r e  a s s u m e d  
t o  d e p e n d  o n l y  o n  t h e  a l t i t u d e ,  a n d  t h e  d y n a m i c  t e r m s  a r e  l i n e a r -  
i z e d  i n  t h e  f o r m  u s e d  i n  C 4 2 1 ,  w i t h  t h e  o n e  e x c e p t i o n  t h a t  we w i l l  
c o n s i d e r  t h e  u n s t e a d y  s t a t e  o f  t h e  p r o c e s s ,  t h e  v i s c o s i t y ,  a n d  t h e  
p r e s e n c e  o f  a s t e e r i n g  c u r r e n t .  M o r e o v e r ,  i n  c o n t r a s t  t o  t h e  e q u a -  
t i o n  i n  C441 ,  w e  w i l l  n o t  u s e  t h e  s i m p l i f i c a t i o n s  o f  t h e  t h e o r y  o f  
l o n g  w a v e s :  

w h e r e  p i s  t h e  d i v e r g e n c e  o f  t h e  p r e s s u r e  f r o m  t h e  s t a t i c  P;a=g/T 
i s  t h e  A r c h i m e d e a n  f o r c e  c a u s e d  by  t h e  h o r i z o n t a l  t e m p e r a t u r e  n o n -  
u n i f o r m i t y  o f  t h e  m e s o s p h e r e  i n  t h e  f i e l d  o f  g r a v i t y  w i t h  a n  a c c e l -  
e r a t i o n  o f  g .  

I n t r o d u c i n g  t h e  f u n c t i o n  o f  t h e  c u r r e n t  cp by  m e a n s  o f  t h e  
f o l l o w i n g  r e l a t i o n s h i p s ,  
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a n d  i n c l u d i n g  t h e  i n c i d e n t  f l o w ,  

- - 
d* 
az 

- 
11 (2) = - - ; II, (s, z, I) ~ l# ( z )  -F- 4' (x, z,  t ) ,  

w h e r e  $ '  i s  n o t  c o n s i d e r e d  s m a l l  i n  c o m p a r i s o n  t o  v,  a n d  s u b s t i t u t -  
i n g  ( 1 0 )  a n d  (11) i n t o  ( 9 ) ,  we w i l l  o b t a i n  t h e  f o l l o w i n g :  

a l i q  -ad+' - aT' 
- + l L d x -  dt uzz- ax - a __ ax =- (Alp', q'j 3- vA41p'; 

dT' - dT' W' - -1- 1L - + p - = (T', 4') -1- yay, 
at ax ax 

w h e r e  

a r e  t h e  a v e r a g e  wind  a n d  v e r t i c a l  g r a d i e n t  o f  t h e  c h a n g e  i n  t h e  
wind  w i t h  a l t i t u d e  i n  t h e  m e s a p a u s e ;  we c a n  a l s o  u s e  t h e  f o l l o w i n g  
s y m b o l s  : 

da ab aa ab 
ax a2 a2 a.r 

(a, b )=- - - - - .  

When t h e r e  i s  a n  i n c i d e n t  w i n d  f l o w  a n d  a v e r t i c a l  t e m p e r a t u r e  
s t r a t i f i c a t i o n ,  w e  s h o u l d  c o n s i d e r  t h e  a n i s o t r o p y  o f  t h e  s p a c e  i n  
r e l a t i o n  t o  t h e  p r o p a g a t i o n  o f  t h e  g r a v i t a t i o n a l  d i s t u r b a n c e s .  
T h i s  c a u s e s  a h o r i z o n t a l  movement o f  t h e  d i s t u r b a n c e  f r o n t .  I n  
a d d i t i o n  t o  t h e s e  n e c e s s a r y  f a c t o r s  ( h o r i z o n t a l  w i n d ,  h o r i z o n t a l  
i s o t h e r m a l  s u r f a c e s ) ,  t h e  c l e a r l y - e x p r e s s e d  d i r e c t i o n a l i t y  o f  t h e  
g r a v i t a t i o n a l  f o r c e s  l i m i t s  t h e  movement  o f  t h e  h o r i z o n t a l  p l a n e  
[ 4 5 , 4 6 ] .  We w i l l  a s s u m e  t h a t  t h e  p r o p a g a t i o n  o f  t h e  d i s t u r b a n c e s  
f r o m  t h e  s o u r c e  o c c u r s  i n  t h i s  e a s e  ( a s  i n  t h e  u n i d i m e n s i o n a l  c a s e )  
i n  t h e  d i r e c t i o n  o f  t h e  x - a x i s .  The d e p e n d e n c e  o n  t i m e ,  w i t h  a n  
a c c u r a c y  up t o  t h e  d i m e n s i o n a l  c o e f f i c i e n t  ( i n  p h a s e  v e l o c i t y  e )  
i s  t h e  same a s  t h e  d e p e n d e n c e  o n  t h e  s p a t i a l  c o o r d i n a t e  x C 4 7 1 .  
I n  r e l a t i o n  t o  t h i s ,  we w i l l  d e t e r m i n e  t h e  c l a s s  o f  s o l u t i o n s  t o  

b a r o t r o p i c  v o r t i c i t y  e q u a t i o n  i n  [ 4 8 , 4 9 ] .  The s o l u t i o n s  t a k e  t h e  
f o r m  o f  a s u p e r p o s i t i o n  o f  p l a n e  w a v e s ,  i . e . ,  

/ 7 0  s y s t e m  ( 1 2 )  by  a n a l o g y  w i t h  t h e  f a m o u s  s o l u t i o n s  t o  t h e  p l a n e  - 
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u n d e r  t h e  c o n d i t i o n s  t h a t  

A c c o r d i n g  t o  (131, t h e  o p e r a t o r  of  t h e  l o c a l  d i f f e r e n t i a t i o n  
c a n  b e  p r e s e n t e d  i n  t h e  f o l l o w i n g  way [SO]:  

w h e r e  

XI  = x -ct 

a n d  t h e  s y s t e m  i n  ( 1 2 )  c a n  b e  w r i t t e n  i n  t h e  f o l l o w i n g  f o r m :  

a y  
ax1 

a -  - - [ ( f r  -c) All' - UZZ 9'1 - (6 + vA)  A+' - t/, - = (A$', $ 1 ) ;  

3x1 

I n  v i e w  o f  (131, w e  h a v e  t h e  f o l l o w i n g :  

p 2  = m: + ni = const. (14') 

I n  C441 a n d  C511, t h e  s o l u t i o n s  t o  a s y s t e m  s i m i l a r  t o  (17) 
a r e  f o u n d  w i t h  t h e  a i d  o f  t h e  f i r s t  i n t e g r a l s .  We w i l l  a l s o  u s e  
t h i s  m e t h o d  h e r e .  It f o l l o w s  f r o m  [ 4 4 , 5 1 , 5 2 1  t h a t  t h e  n o n l i n e a r  
s y s t e m  i n  ( 1 7 )  c a n  b e  r e d u c e d  t o  a s o l u t i o n  o f  a l i n e a r  e q u a t i o n  
i f  A $ '  a n d  T' a re  l i n e a r  f u n c t i o n s  o f  J I ' .  T h i s  r e q u i r e m e n t  c a n  b e  
s a t i s f i e d  a c c o r d i n g  t o  (18) €or A I ) ' *  I n  o r d e r  t o  o b t a i n  a n  a n a l y t -  
i c a l  s o l u t i o n ,  w e  w i l l  a l s o  u s e  t h e  f o l l o w i n g  f u n c t i o n .  ( b y  a n a -  
l o g y )  : 
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S u b s t i t u t i n g  ( 1 8 )  a n d  ( 1 9 )  i n t o  (17), w e  w i l l  f i n d  t h a t  

w h e r e  t h e  p h a s e  v e l o c i t y  e i s  d e t e r m i n e d  by  t h e  d i s p e r s i o n  e q u a t i o n , / 7 1  - 

I t  r o o t s  a r e  t h e  f o l l o w i n g :  

T h e s e  two  r o o t s  c a n  b e  u s e d  for c o n s t r u c t i n g  t w o  s o l u t i o n s  o f  t h e  
f o l l o w i n g  t y p e :  

A c c o r d i n g  t o  (13), t h e  s u p e r p o s i t i o n  o f  t h e s e  s o l u t i o n s  c a n  b e  
s o l v e d  by ( 1 8 )  i n  t h e  f o l l o w i n g  way: 

w h e r e  @ o m n  i s  t h e  F o u r i e r  c o e f f i c i e n t  o f  t h e  i n i t i a l  d i s t u r b a n c e .  

S i n c e  t h e  p h a s e  v e l o c i t y  h a s  t w o  v a l u e s  [ a c c o r d i n g  t o  ( 2 2 ) l  
w h i c h  c o r r e s p o n d  t o  t w o  e l e m e n t a r y  w a v e s ,  $ I m n  a n d  $ I t m n ,  t h e  d i s -  
t u r b a n c e s  o f  t h e  t e m p e r a t u r e  c a n  b e  d e t e r m i n e d  a c c o r d i n g  t o  (19) 
by a n  e x p r e s s i o n  w h i c h  i s  s i m i l a r  t o  ( 2 4 ) :  

w h e r e  
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I t  i s  e a s y  t o  s e e  t h a t  ( 2 4 )  a n d  ( 2 5 )  s a t i s f y  ( 1 7 )  u n d e r  t h e  
c o n d i t i o n s  ( 1 4 1 ,  ( 1 8 1 ,  (140, and ( 2 1 1 ,  C o n d i t i o n s  ( 1 4 )  a n d  ( 1 4 ' )  
a re  i m p o r t a n t  c h a r a c t e r i s t i c s  o f  e a c h  wave p a c k e t ,  s i n c e  t h e  v e l o c -  
i t y  o f  t h e  p a c k e t  i s  d e t e r m i n e d  b y  them a c c o r d i n g  t o  ( 2 2 ) .  T h u s ,  
a l l  t h e  h a r m o n i c s  i n  t h e  wave p a c k e t  a r e  m o v e d . a t  o n e  p h a s e  v e l o c -  
i t y  c h a r a c t e r i s t i c  o f  t h e  g i v e n  p a c k e t .  We s h o u l d  n o t e  t h a t  e a c h  
h a r m o n i c  moves a t  a d i f f e r e n t  v e l o c i t y ,  w h i c h  c a u s e s  t h e i r  non-  
l i n e a r  i n t e r a c t i o n  a n d  t h e  " l e a k a g e "  of t h e  p a c k e t  [54 ] .  

I t  was m e n t i o n e d  i n  [ 3 3 1  t h a t  ( 1 )  d e t e r m i n e s  t h e  r a d i u s  o f  t h e  
i c y  c l o u d  e l e m e n t s  w i t h  a n  a c c u r a c y  up  t o  a c o n s t a n t  P d e t e r m i n e d  
b y  t h e  n o n t u r b u l e n t  c o n d i t i o n .  U s i n g  t h i s  f a c t  t o  d e t e r m i n e  t h e  
i n i t i a l  r a d i u s  o f  t h e  i c e  e l e m e n t s ,  w e  w i l l  f i n d  t h e  f o l l o w i n g  [ b y  

/ 7  2 s u b s t i t u t i n g  ( 2 5 )  i n t o  ( 7 )  a n d  s q u a r i n g  t h e  e l e m e n t s ]  - 

w h e r e  T$$' a n d  T*" d i f f e r  f r o m  ( 2 6 )  b y  t h e  p r e s e n c e  o f  c o r r e s p o n d i n g  
f a c t o r s  [ m l ( u - c l , 2 ) 1 - l ,  w h i l e  $ * '  a n d  $i"'' a r e  c h a r a c t e r i z e d  b y  t h e  
c h a n g e  i n  t h e  p h a s e s  b y  n / 2 .  A s  w e  h a v e  m e n t i o n e d  e a r l i e r ,  t h e  i c e  
h y p o t h e s i s  i s  b e i n g  a c c e p t e d  i n  t h i s  s t u d y ;  ( 2 7 )  g i v e s  t h e  e v o l u t i o n  
b f  t h e  r a d i u s  o f  t h e  i c e  p a r t i c l e s  i n  r e l a t i o n  t o  t h e  i n i t i a l  r a -  
d i u s ,  w h i c h  was d e t e r m i n e d  b y  t h e  i n i t i a l  t h e r m o h y d r o d y n a m i c  d i s -  
t u r b a n c e s  a n d  t h e  s i z e  o f  m e t e o r  p a r t i c l e s ,  s i n c e  t h e  v a l u e  o f  
P n u c  i n t r o d u c e d  i n  ( 2 )  ( a c c o r d i n g  t o  t h e  r o c k e t  s o u d i n g s  o f  n o c t i -  
l u c e n t  c l o u d s  C551) i s  a p p a r e n t l y  d e t e r m i n e d  b y  t h e  s p e c t r u m  of  t h e  
m e t e o r  d u s t .  

If w e  u s e  t h e  d u s t  h y p o t h e s i s ,  t h e  d i s t r i b u t i o n  o f  t h e  d e n s i t . y  
o f  p a r t i c l e s  n p e r  u n i t  v o l u m e  c a n  b e  d e s c r i b e d  b y  t h e  e q u a t i o n  i n  
C561: 

w h e r e  u '  a n d  w '  c a n  b e  d e t e r m i n e d  b y  ( 1 5 ) ,  (161, a n d  ( 2 9 ) ,  i . e . ,  
b y  u s i n g  t h e  d u s t  t h e o r y .  I t  i s  n o t  n e c e s s a r y  t o  d e t e r m i n e  t h e  
t e m p e r a t u r e  d i s t u r b a n c e s  o r  t o  u s e  F o r m u l a  ( 2 7 ) .  If w e  h a v e  t h e  
f o l l o w i n g  : 

- f' ndz = nh = N, 
-11 

t h e n ,  a c c o r d i n g  t o  C561, 

0 
aN -aN ,., all* 
at ax 

- - + U - - = - l L  z d z .  
( 2 9 )  
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C o n v e r t i n g  (13) a n d  (141, w e  w i l l  o b t a i n  t h e  f o l l o w i n g :  

1 -  
2 N (x, 2, t )  = --n9’, ( 3 0 )  

w h e r e  $ ’  i s  d e t e r m i n e d  b y  ( 2 4 ) .  

S i n c e  t h e  number  o f  p a r t i c l e s  a l o n g  t h e  l i n e  o f  s i g h t  i s  p r o -  
p o r t i o n a l  t o  h ,  w e  c a n  e x p e c t  t h e  a p p e a r a n c e  o f  wave b i l l o w s  i n  
t h e m  i n  o b s e r v i n g  n o c t i l u c e n t  c l o u d s  f r o m  t h e  E a r t h  ( a c c o r d i n g  t o  
C311). 

4. A n a l y s i s  o f  t h e  W a v e  M o v e m e n t s  in N o c t i l u c e n t  C l o u d s  

When t h e  p e r c e n t a g e  o f  s u b l i m a t i o n  n u c l e i  p e r  u n i t  v o l u m e  i s  
f i x e d ,  t h e  r a d i u s  o f  t h e  i c e  p a r t i c l e s  i n c r e a s e s  a s  t h e  n o c t i l u c e n t  
c l o u d  b e c o m e s  m o r e  d e n s e  a n d  m o r e  b r i g h t .  We c a n  s e e  from ( 2 7 )  
t h a t  t h e  d i s t r i b u t i o n  o f  t h e  c l o u d  mass c a n  b e  d e s c r i b e d  by  t h e  
s u p e r p o s i t i o n  o f  t w o  w a v e s ,  o n e  o f  w h i c h  a l w a y s  moves i n  t h e  d i r e c -  - / 7 3  
t i o n  of t h e  o n c o m i n g  w i n d ,  a n d  t h e  o t h e r  o f  w h i c h  moves e i t h e r  i n  
t h e  same d i r e c t i o n  as  t h e  f i r s t  w a v e ,  r e m a i n i n g  some d i s t a n c e  f r o m  
i t ,  or e v e n  i n  t h e  o p p o s , i t e  d i r e c t i o n ,  d e p e n d i n g  on t h e  l e n g t h  o f  
t h e  wave i n  t h e  c l o u d .  

I n  o r d e r  t o  a n a l y z e  t h e  wave m o v e m e n t s  i n  n o c t i l u c e n t  c l o u d s  
a n d  t h e  s t r u c t u r e  o f  t h e  m e s o p a u s e ,  t h e  a u t h o r  o f  [ 5 7 ]  p r o p o s e d  
u s i n g  t h e  f a m o u s  p a r a m e t e r  o f  A . A .  D o r o d n i t s y n  C 5 8 1 :  

A s  w e  c a n  s e e  f r o m  (19), t h i s  p a r a m e t e r  i s  a p a r t i a l  case  o f  
a s t e a d y  movemen t ,  a n d  i t  c h a r a c t e r i z e s  p i n  t h e  s t a t i o n a r y  c a s e ,  
when e = 0 ( t h e  ” i n h e r e n t  f r e q u e n c y ”  o f  t h e  m e s o p a u s e ) :  

When t h e r e  i s  n o  o n c o m i n g  f l o w ,  w e  h a v e  t h e  f o l l o w i n g :  

The d i s t u r b a n c e  c a n  b e  d e s c r i b e d  b y  t h e  w a v e s  w h i c h  a r e  g o i n g  o u t  
i n  v a r i o u s  d i r e c t i o n s  f r o m  t h e  d i s t u r b a n c e  s o u r c e ,  i n  c o r r e s p o n d -  
e n c e  w i t h  t h e  f o l l o w i n g  e x p r e s s i o n :  
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I n  o t h e r  w o r d s ,  t h e  r a t e  o f  p r o p a g a t i o n  o f  t h e s e  w a v e s  i s  d e t e r -  
m i n e d  s o l e l y  by  t h e  t e m p e r a t u r e  s t r a t i f i c a t i o n  o f  t h e  a t m o s p h e r e  
a n d  t h e  d i m e n s i o n s  o f  t h e  wave.  

We c a n  s e e  f r o m  ( 2 0 )  f o r  t h e  p h a s e  v e l o c i t y  o f  t h e  waves  t h a t ,  
i f  t h e  f i r s t  t e r m  i n  ( 2 0 )  i s  g r e a t e r  t h a n  t h e  s e c o n d ,  t h e n  t h e  
w a v e s  move w i t h  t h e  f l o w ,  or a r e  "b lown"  a l o n g  b y  t h e  f l o w ,  ; .e . ,  
f o r  - 

o r  

T h u s ,  i f  t h e  wave n u m b e r  o f  t h e  wave i s  g r e a t e r  t h a n  t h e  wave 
number  o f  a s t a t i o n a r y  wave d e t e r m i n e d  by Z2[58] ,  or i f  t h e  wave 
l e n g t h  i s  l e s s  t h a n  t h e  l e n g t h  o f  t h e  s t e a d i e d  wave ( c h a r a c t e r i s t i c  
o f  t h e  g i v e n  f l o w )  ( w h i c h  i s  t h e  same t h i n g ) ,  t h e  f i r s t  wave w i l l  
move w i t h  t h e  w i n d .  T h u s ,  s h o r t  w a v e s ' i n  n o c t i l u c e n t  c l o u d s  ( o r  
" s m a l l  c r e s t s "  a c c o r d i n g  t o  t h e  g e n e r a l l y - a c c e p t e d  c l a s s i f i c a t i o n  
o f  N . I .  G r i s h i n )  move w i t h  t h e  wind  w h i c h  p r e v a i l s  a t  t h e  l e v e l  o f  / 7 4  
t h e  m e s o p a u s e .  

- 
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s e c  F i g .  1. D i a g r a m  of  t h e  C h a n g e  i n  t h e  P h a s e  
V e l o c i t y  a s  a F u n c t i o n  o f  t h e  W a v e l e n g t h  
f o r  4 m i n  1 0  s e c  for One Group  o f  C r e s t s  
i n  N o c t i l u c e n t  C l o u d s  O b s e r v e d  o n  J u l y  2 0 -  
2 1 ,  1 9 6 5 .  

A s  f o r  t h e  w a v e s  w h i c h  a r e  l o n g e r  t h a n  t h e  
c h a r a c t e r i s t i c  w a v e l e n g t h  o f  t h e  g i v e n  c o n d i t i o n  
o f  t h e  m e s o p a u s e ,  t h e s e  w a v e s  c a n  move i n  t h e  
w i n d w a r d  d i r e c t i o n .  I n  t h i s  c a s e ,  it f o l l o w s  
f r o m  ( 3 3 )  t h a t :  

The a u t h o r  o f  [39] m e n t i o n e d  t h a t  t h e  l o n g  w a v e s  (L1>50 km) i n  
t h e  o b s e r v e d  b r o a d  f i e l d  o f  n o c t i l u c e n t  c l o u d s  moved i n  a d i r e c t i o n  
w h i c h  w a s  a l m o s t  o p p o s i t e  t o  t h e  movement  o f  t h e  c l o u d  s y s t e m ,  a n d  
t h e  s m a l l  c r e s t s  (5<L1<10 km) moved w i t h  t h e  c l o u d  s y s t e m .  

The  d a t a  f r o m  o b s e r v a t i o n s  o f  t h e  v e l o c i t y  o f  movement  o f  
w a v e s  w i t h  d i f f e r e n t  d i m e n s i o n s  i n  n o c t i l u c e n t  c l o u d s  were  s u b j e c t e d  
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t o  a v e r y  d e t a i l e d  a n a l y s i s  i n  [ S I .  The  r e s u l t s  o f  t h i s  a n a l -  
y s i s  were  p r e s e n t e d  i n  t h e  f o r m  o f  a r e l a t i o n s h i p  b e t w e e n  t h e  p h a s e  
v e l o c i t y  a n d  t h e  w a v e l e n g t h .  If t h e  movement  o f  t h e  l e a d i n g  e d g e  
o f  t h e  c r e s t s  c a n  b e  d e s c r i b e d  by t h e  s i m p l e  f o r m u l a  w h i c h  f o l l o w s  
f r o m  ( 2 0 1 ,  

L 
2n 

c=c+-m, 
( 3 5 )  

t h e n  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  p h a s e  v e l o c i t y  a n d  t h e  w a v e l e n g t h  
c a n  b e  d e s c r i b e d  a p p r o x i m a t e l y  by a l i n e a r  f u n c t i o n .  A s  w e  c a n  s ee  
f r o m  F i g u r e  1, t h e  r e s u l t s  o f  [ 4 ]  a l s o  g i v e  a l i n e a r  d e p e n d e n c e  f o r  
s h o r t  i n t e r v a l s  o f  t i m e .  A c c o r d i n g  t o  ( 3 5 )  a n d  F i g u r e  1, w e  c a n  
d e t e r m i n e  t h e  w i n d  v e l o c i t y  a n d  t h e  p a r a m e t e r  o f  t h e  s t a b i l i t y  i n  
t h e  m e s o p a u s e  o n  J u l y  2 0 - 2 1 ,  1 9 5 5 :  

The d a t a  f o r  t h e  p a r a m e t e r  o f  s t a b i l i t y  i n  t h e  l o w e r  i o n o -  
s p h e r e  a r e  g i v e n  i n  [12] a s  M 0 . 0 2  sec-1.  A c c o r d i n g  t o  t h e  d a t a  
i n  [ 5 9 ] ,  t h e  a v e r a g e  z o n a l  wind,  c o m p o n e n t  a t  a n  a l t i t u d e  o f  8 0  km 
d u r i n g  t h e  summer h a s  a v a l u e  f r o m  1 0  m/sec  ( J o d r e l l  B a n k )  t o  
25 m/sec ( A d e l a i d e ) .  I s h o u l d  l i k e  t o  m e n t i o n  t h a t  t h e  wind  v e l o c -  
c i t y  for l o w e r  a l t i t u d e s  r e a c h e s  w 5 0  m/sec  ( 6 0  k m ) ;  f o r  h i g h e r  
a l t i t u d e s ,  i t  r e a c h e s  M 65  m/sec  ( 1 0 0  km).  T h e r e f o r e ,  t h e  d a t a  o b -  
t a i n e d  f r o m  ( 3 6 )  a g r e e  s a t i s f a c t o r i l y  w i t h  t h e  r e s u l t s  o f  r o c k e t  
a n d  r a d i o m e t e o r i c  o b s e r v a t i o n s .  I w i l l  a l s o  m e n t i o n  t h a t  t h e  w i n d  
v e l o c i t y  i n  t h e  m e s o p a u s e  d u r i n g  t h e  summer ,  a s  d e t e r m i n e d  i n  [ 5 9 ] ,  
n e v e r  r e a c h e s  v a l u e s  o f  55-80 m / s e c  ( t h e  p h a s e  v e l o c i t i e s  o f  t h e  
movement o f  c r e s t s  i n  n o c t i l u c e n t  c l o u d s ) .  H o w e v e r ,  w e  c a n  s e e  
f r o m  ( 3 5 )  t h a t ,  w i t h  a d e c r e a s e  i n  t h e  w a v e l e n g t h ,  t h e  p h a s e , v e l o c -  
i t y  o f  movement o f  t h e  " s m a l l  c r e s t s "  i s  c l o s e  t o  t h e  r e a l  move- 
m e n t  o f  a n e u t r a l  a t m o s p h e r e  i n  t h e  l o w e r  i o n o s p h e r e .  T h i s  a l s o  
c o n f o r m s  w i t h  t h e  r e s u l t s  o f  [ 4 I .  I t  f o l l o w s  f r o m  ( 2 0 )  t h a t  t h e  
d i f f e r e n c e  i n  t h e  p h a s e  v e l o c i t i e s  o f  t h e  w a v e s  i s  t h e  f o l l o w i n g ;  

/ 7 5  - 

T h u s ,  t h e  d i f f e r e n c e  b e t w e e n  t h e  l e a d i n g  e d g e  a n d  t h e  t r a i l -  
i n g  e d g e  o f  t h e  c l o u d  b a n k  i n c r e a s e s  a t  a r a t e  d e t e r m i n e d  by  ( 3 7 )  
or t h e  t a n g e n t  a n g l e  o f  i n c l i n a t i o n  o f  t h e  l i n e  i n  t h e  f i g u r e .  
T h i s  f a c t  a l s o  c o r r e s p o n d s  t o  o b s e r v a t i o n s  [ 4 ] .  

C o m p a r i n g  f o r m u l a s  ( 2 5 )  a n d  ( 2 8 ) ,  w e  c a n  s e e  t h a t  t h e  p h a s e  
o f  t h e  c l o u d  m a s s  s h i f t s  r e l a t i v e  t o  t h e  w i n d  f l o w  by  ~ / 2 ,  i . e . ,  
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t h e  c l o u d  mass o f  n o c t i l u c e n t  c l o u d s  i s  c o n c e n t r a t e d  o n  t h e  l e e -  
w a r d  s i d e  o f  t h e  w i n d  c r e s t .  T h i s  c h a n g e  i n  t h e  p h a s e  i s  s i m i l a r  
t o  t h e  h y s t e r e s i s  i n  t h e  a p p e a r a n c e  of  l e n t i c u l a r  c l o u d s  i n  r e l a -  
t i o n  t o  t h e  l e e w a r d  waves ,  i . e . ,  t h e  a p p e a r a n c e  o f  a c l o u d  d u r i n g  
i t s  a s c e n t  l a g s  i n  t h e  same way a s  d o e s  i t s  d i s a p p e a r a n c e  d u r i n g  
d e s c e n t ;  t h i s  c o i n c i d e s  w i t h  t h e  r e s u l t s  i n  c 6 0 , 6 1 ] .  

A s  w e  c a n  s ee  f r o m  (31), t h e  p h a s e  s h i f t  d o e s  n o t  f o l l o w  f r o m  
t h e  t h e o r y ,  i f  w e  u s e  t h e  . d u s t  h y p o t h e s i s .  O b v i o u s l y ,  t h e  e x p l a n -  
a t i o n  o f  t h e  a c t u a l  p h a s e  r e l a t i o n s h i p s  c a n  a i d  i n  i d e n t i f y i n g  t h e  
n a t u r e  o f  t h e  m a t t e r  o f  t h e  e l e m e n t s  i n  n o c t i l u c e n t  c l o u d s .  

We c a n  s ee  f r o m  ( 2 8 )  t h a t  t h e  e v o l u t i o n  o f  a c l o u d  c a n  b e  d e -  
s c r i b e d  b y  t h e  movement  o f  t w o  w a v e s  w i t h  d i f f e r e n t  a m p l i t u d e s .  

I f  w e  d i s r e g a r d  t h e  e f f e c t  o f  t h e  t e m p e r a t u r e  s t r a t i f i c a t i o n  
( i . e . ,  c o n s i d e r  t h e  s t r a t i f i c a t i o n  o f  t h e  m e s o p a u s e  t o  b e  i n s i g n i f -  
i c a n t )  t h e n  ( 3 9 )  b e c o m e s  e q u a l  t o  z e r o ,  a n d  t h e  c l o u d  moves w i t h  
t h e  f l o w  a t  t h e  v e l o c i t y  o f  t h e  w i n d .  

5.  C o n c l u s i o n  

I t  w a s  m a i n t a i n e d  i n  [ 4 ]  t h a t  " a n  a n a l y s i s  o f  t h e  e x i s t i n g  
m e t h o d s  a n d  r e s u l t s  o f  a n a l y s i s  f o u n d  i n  l i t e r a t u r e  f o r  t h e  ' d r i f t '  
of n o c t i l u c e n t  c l o u d s  s h o w s  t h a t  t h e  a u t h o r s  h a v e  f r e q u e n t l y  m e a -  
s u r e d  t h e  p h a s e  v e l o c i t y  o f  s i n g l e  d e t a i l s ,  or t h e  r a t e  o f  movement 
o f  t h e  e n t i r e  wave f i e l d ,  a n d  t h a t  t h e y  h a v e  i n t e r p r e t e d  t h i s  a s  
t h e  m i g r a t o r y  m o t i o n  w h i c h  d i r e c t l y  i n d i c a t e s  t h e  v a l u e  o f  t h e  wind  
v e l o c i t y  a t  t h e  l e v e l  o f  t h e  n o c t i l u c e n t  c l o u d s ,  s o  t h a t  v a r i o u s  
a u t h o r s  g i v e  v a l u e s  f r o m  1 0  t o  3 0 0  m / s e c  f o r  t h e  v a l u e  o f  t h e  ' d r i f t  
v e l o c i t y '  o f  t h e  n o c t i l u c e n t  c l o u d s " .  

The a n a l y s i s  c o n d u c t e d  h e r e  s h o w s  t h a t ,  i n  a d d i t i o n  t o  t h e  i n -  
c i d e n t  w i n d ,  t h e  t h e r m a l  s t r a t i f i c a t i o n  o f  t h e  u p p e r  a t m o s p h e r e ,  
t h e  A r c h i m e d e a n  f o r c e s ,  a n d  t h e  c h a n g e  i n  t h e  wind  s h i f t  w i t h  t h e  
a l t i t u d e  h a v e  a s u b s t a n t i a l  e f f e c t  on t h e  d r i f t  o f  n o c t i l u c e n t  
c l o u d s .  T h e r e f o r e ,  i n  d e t e r m i n i n g  t h e  wind  v e l o c i t y  i n  t h e  m e t e o r  
z o n e  by  t h e  d r i f t  o f  t h e  n o c t i l u c e n t  c l o u d s ,  w e  s h o u l d  c o n s i d e r  t h e  - / 7 6  
f o l l o w i n g  f a c t o r s ,  w e  w e l l  a s  t h e  m a g n i t u d e  o f  t h e  w a v e s .  

(1) When t h e r e  a r e  t e m p e r a t u r e  a n d  wind  d i s t u r b a n c e s  c a u s e d .  
by i n t e r n a l  g r a v i t y  w a v e s  a n d  e l e c t r o m a g n e t i c  a n d  c o r p u s c u l a r  h e a t -  
i n g  o f  t h e  S u n ,  t h e r e  a r e  w a v e s  i n  t h e  m e s o p a u s e  w h i c h ,  u n d e r  t h e  
f a v o r a b l e  c o n d i t i o n s  d e t e r m i n e d  by  I . A .  K h v o s t i k o v ' s  d i a g r a m ,  e n t e r  
t h e  d y n a m i c s  o f  t h e  n o c t i l u c e n t  c l o u d s .  

( 2 )  The p h a s e  v e l o c i t y  o f  movement  o f  t h e  l e a d i n g  e d g e  o f  a 
wave i n  n o c t i l u c e n t  c l o u d s  g r e a t l y  e x c e e d s  t h e  a c t u a l  w ind  v e l o c -  
c i t y .  

( 3 )  The v i s i b l e  w a v e l e n g t h  o f  n o c t i l u c e n t  c l o u d s  i n c r e a s e s  
w i t h  t i m e .  
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(4) Larger waves can move against the wind flow. 

(5) The visible mass of noctilucent clouds advances the wind 
flow, and is concentrated at the leeward sides of the crests of the 
atmospheric waves. 
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I 

S O M E  R E M A R K S  O N  T H E  R E L A T I O N S H I P  B E T W E E N  T H E  A P P E A R A N C E S  
OF N O C T I L U C E N T  C L O U D S  A N D  T H E  R E I N F O R C E M E N T  OF T H E  Z O N A L I T Y  

OF A T M O S P H E R I C  C U R R E N T S  O N  T H E  E A R T H  A N D  T H E  S U N S P O T  A C T I V I T Y  

A. Ya.  Bezru k o v a  

A B S T R A C T :  The a u t h o r  anaZyzes  t h e  number o f  
d a y s  when n o c t i Z u c e n t  cZouds appeared and t h e  
number of d a y s  when a t m o s p h e r i c  c u r r e n t s  were 
i n  d e f i n i t e  z o n e s .  The r e s u Z t s  i n d i c a t e d  t h a t  
t h e s e  changes  i n  t h e  ex t e rnaZ  f o r m a t i o n s  i n  
t h e  E a r t h ' s  a tmosphere  have a c y c Z i c  n a t u r e  
v e r y  s i m i Z a r  t o  t h a t  of t h e  22-year cycZe  of 
s u n s p o t  a c t i v i t y .  

In the Works of the Sixth Cqnference on Noctilucent Clouds, /79 
the article written by I.S. Astapovich [l] gives a survey of the 
observations of noctilucent clouds in Russia and the U S S R  from 
1885 to 1944. Considering that noctilucent clouds are external 
formations in the atmosphere of our planet, it seems of interest 
to use this survey in order to compare it with the 11-year cycle 
of sunspot activity. 

Most of the observations of noctilucent clouds were conducted 
after 1917. Therefore, the number of their appearances was calcu- 
lated in the survey of noctilucent clouds f o r  the period from 1920 
to 1944, ;.e., mainly for Cycles No. 16 and 17 of the solar activ- 
ity. In this case, all the observations of .noctilucent clouds on 
one night were considered as one appearance. 

It was also noted that the maximum recurrences of noctilucent 
clouds were observed during the months of June, July, and August 
(in rare cases, single appearances were observed in April and May), 
;.e., during those months when the heliographic latitude of the 
center of the Earth's disk is positive (the northern hemisphere of 
the Sun is turned toward the Earth). 

Various geophysical phenomena are usually compared with the 
Wolf numbers, which are calculated for the entire solar disk. 
These numbers do not consider the fact that the Earth is oriented 
differently in respect to the solar equator during the course of 
a year, while the sunspot process does not occur identically in 
both hemispheres of the Sun. 

In order to compare the appearances of noctilucent clouds 
with the sunspot activity, we used the solar index for a mean 
square during the time of existence of the group. F r o m  1920 to 
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1960, the sum of the mean squares was calculated according to 
Greenwich data [2] for each year. 

F o r  Cycle No. 10, the sum of the average areas was given on 
the basis of a preliminary analysis of the data from observations 
of only one station, the Gorniy station of the Main Astronomical 
Observatory of the Academy of Sciences of the USSR. 

Considering the orientation of the Earth relative to the solar 
equator, we must compare the recurrences of noctilucent clouds from 
the month of June to the area of groups of sunspots in the northern 
hemisphere of the Sun. 

We should remember that the Earth passes through points on its /80 
orbit during rotation around the Sun, toward which both the north- - 
ern and the southern hemispheres of the Sun are turned. The helio- 
graphic latitude of the Earth's disk reaches 7 0  twice a year, and 
zero twice a year. This is a consequence of the fact that the 
planes of the Earth's orbit and the solar equator do not coincide, 
but form an angle of 7 0 .  In September and March, the heliographic 
latitude of the Earth's disk is greatest, and we can see the north 
pole of the Sun in September, and the south pole in March. On 
December 6 and June 4 ,  the axis of the Sun (from the Earth's orbit) 
is perpendicular to the line of sight, and the heliographic lati- 
tude of the center of the Earth's disk is equal to zero during this 
time. Having considered this circumstance, we excluded from the 
survey those appearances of noctilucent clouds which occurred dur- 
ing April and May, when the heliographic latitude of the center of 
the Earth's disk was negative. There were only five such appear- 
ances from 1920 to 1944 (one in 1926, one in 1934, one in 1937, 
and two in 1938). The remaining appearances of noctilucent clouds 
were related in time to a positive heliographic latitude of the 
center of the Earth's disk, and thus were included in our examina- 
tion (see the figure). 

We can see from the figure that the two-peak curve for the 
change in the area of groups of sunspots in the northern hemisphere 
of the Sun also corresponds to the two-peak curve for the change in 
the number of appearances of noctilucent clouds in Cycle No. 16. 
In Cycle No. 17, the curve for the change in the areas of the 
groups of sunspots had one peak. The single-peak curve, with a 
maximum in 1937, is also reflected in the curve for the appearances 
of noctilucent clouds. The level of activity of Cycle No. 17 is 
higher than that for Cycle No. 16, so that the number of appear- 
ances of noctilucent clouds i n  Cycle No. 17 is greater than in the 
preceding cycle (No. 16). 

There were isolated reports of the appearance of noctilucent 
clouds [3] during the period from 1950 to 1959. Let us analyze 
the appearances of noctilucent clouds during Cycle No. 19 of solar 
activity. In the Information Bulletin of the IGY C41,  an article 
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written by N.I. Grishin showed a table for the appearances of noc- 
tilucent clouds from 1950 to 1957. The author stipulated that the 
data for 1957 could not be trusted, since the large number of 
appearances of nocticlucent clouds during 1957 could be explained 
by the organization of a large network of observational stations 
during the IGY. Moreover, the recurrence o f  noctilucent clouds 
during 1957 was considered by experienced observers to be on the 
same level as that for 1952-1956. According to C.I. Villmann [5], 
the station at Tallin recorded eight appearances of noctilucent 
clouds in 1957, and f o u r  in 1958. As V.Yu. Skul'skiy [6] has noted, 
the number of  appearances of noctilucent clouds in the Urals during 
1.957 was greater than that in 1958. In 1959, noctilucent clouds 
were observed which were significant in intensity, dimensions, and 

were 13 appearances of  noctilucent clouds over the Estonian S . S . R .  
M.A. Dirikis [9] has described the large number of noctilucent 
clouds observed in 1959 over Riga. Thus, the year 1959 was signi- 
ficant for the large values o f  different characteristics of nocti- 
lucent clouds. As we can see from the figure, 1959 was the year 
of a maximum in the 11-year cycle in the northern hemisphere of 
the Sun, and the time of the greatest values for the area of groups 
of sunspots (since 1874). The exceptionally high level of activity 
of the 11-year cycle (No. 19) of the solar activity was reflected 
in the number of appearances of noctilucent clouds during the period 
from 1954 to 1959. 

duration [7]; according to the data of C.I. Villmann [8], there /81 
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Fig. 1. Comparison of the Number of Appearances o f  Noctilucent 
Clouds, Areas o f  Sunspots, and Number of Days with Zonal Circula- 
tion for 1920-1960. (1) Cyclic Change in the Areas of Groups of 
Sunspots in the Northern Hemisphere of the Sun; (2) Number of 
Appearances of Noctilucent CloQds; (3) Number of Days with Zonal 
Circulation during September-November. The Abscissa shows the 
Years, and the Ordinate shows the Sum of Average Areas for Groups 
of Sunspots (CS) and the Number of  Appearances of Noctilucent 
Clouds ( n )  for Each Year. 
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I would like to mention one more interesting increase in the 
frequency of appearance of noctilucent clouds during 1950-1951, 
which can also confirm the relationship between solar activity and 
noctilucent clouds. In the survey of the appearances of noctilu- 
cent clouds C41, the number 10 is given for 1950, and the number 21 
is given for 1951. A study of the fluctuations in the areas of 
groups of sunspots with the revolution of the Sun according to 
Greenwich data [lo] shows that there were strong fluctuations in 
the solar activity in the northern hemisphere of the Sun during 
1950 and 1951; long-lasting spots which were visible to the naked 
eye were included in this phenomenon [ll]. One of the groups of 
spots in 1951 lasted for five solar revolutions, and the average 

sphere. According to the heliographic latitude, this group extended 
from 13.5 to 5O, and the Earth was often submerged in the radiation 
from this group during its rotation around the Sun. 

area during the time it lasted was 3743 millionths of the hemi- /82 

In the oscillations of the number of appearances of noctilucent 
clouds, there were intensifications in the minima ( o r  very near the 
minima) in the 11-year cycle, as well as intracyclic maxima. If we 
were to plot even incomplete data on the appearances of noctilucent 
clouds for 1950-1959 on the figure, we would see that, in addition 
to the intracyclic maxima, there was an increase in the frequency 
of appearances of noctilucent clouds at the beginning of the twen- 
ties and the fifties, as well as in 1932. There were similar in- 
tensifications in other geophysical phenomena, including the zon- 
ality of the atmospheric curren'ts C121, i.e., the west-to-east 
transfer of air masses on o u r  planet. Let us compare the number 
of appearances of noctilucent clouds to the intensification of the 
zonality of atmospheric currents at middle latitudes of the Earth 
for the period of time in question. We will use B.L. Dzerdzeyev- 
skiy's classification of the atmospheric circulation [13] for this 
purpose, and we will calculate the number of days when the first 
type of atmospheric circulation (intensification of the west-to- 
east transfer of air masses) was observed during the period of a 
positive heliographic latitude for the center of the Earth's disk. 
The first circulation mechanism is observed primarily during the 
autumn and early winter. It is not observed earlier than Septem- 
ber; therefore, we must calculate the number of days with this type 
of atmospheric circulation during the period from September to 
November, ?.e., when the northern hemisphere of the Sun is turned 
toward the Earth. Actually, we can include four months (to Decem- 
ber, inclusively), since the possibility of a lag in the process 
has not been excluded. 

The dashed lines in Figure 1 show the change in the number of 
days with a zonal circulation during the period from September to 
November. The small circles show the values obtained from calcu- 
lations which included December. The curve for the change in the 
number of days with zonal circulation during the 11-year solar 
cycle has the same shape as the curve for the change in the number 
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of appearances of noctilucent clouds. It has two peaks in Cycle 
No. 16, and one peak in Cycle No. 17; however, the maxima of the 
zonal atmospheric circulation lag one or two years behind the 
maxima of the solar cycles and the maxima of the number of appear- 
ances of noctilucent clouds. 

During 1950-1951, both maxima coincide (for the appearances of 
noctilucent clouds and for the intensification of the west-to-east 
transfer of air masses); this is seen even more clearly when the 
number of days with atmospheric circulation includes the period 
from September to December. 

On the basis of an analysis of the number of days when nocti- /83 
lucent clouds appeared, and the number of days when the atmospheric 
currents on our planet were in definite zones, we see that the 
change in the number of external formations in the Earth's atmo- 
sphere (noctilucent clouds and days with zonal circulation, i.e., 
processes in the lower layers of the atmosphere) has a cyclic nature 
which repeats the single-peak and two-peak characteristics of the 
development of 11-year solar cycles. It is true that the develop- 
ment of the latter lags somewhat behind the former and (correspond- 
ingly) behind the development of the sunspot activity as well. 

In relation to this study, it is relevant to mention the 
cyclic change in the brightness of the night sky and the lag of the 
maximum in the curve for the brightness of the green line, accord- 
ing to the observations at Thurling (England), by one year, in 
comparison to the maximum for the curve for the area of sunspots 
C141. 

R E F E R E N C E S  

1. 

2. 
3. 

4 .  

5. 

6. 

7. 

8 .  

Astapovich, I.S.: Trudy VI soveshchaniya PO serebristym oblakam 
(Works of the Sixth Conference on Noctilucent Clouds). 
Riga, 1961. 

Greenwich Photo-Heliographic Results. London, 1917-1944. 
Vestine, E.H.: J .  Roy. Astron. SOC. Can., Vol. 28, pp. 249- 

Grishin, N.I.: Informatsionnyy byulleten' MGG (Information 

Villmann, C.I.: Trudy soveshchaniya PO serebristym oblakam 

303, 1964. 

Bulletin of the IGY), No. 5, 1958. 

(Works of a Conference on Noctilucent Clouds). Tartu, 
December 12-14, 1958. Tartu, 1959. 

(Works of a Conference on Noctilucent Clouds). Tartu, 
December 12-14, 1958. Tartu, 1959. 

(Works of the Sixth Conference on Noctilucent Clouds). 
Riga, 1961. 

(Works of the Sixth Conference on Noctilucent Clouds). 
Riga, 1961. 

Skul'skiy, V.Yu.: Trudy soveshchaniya PO serebristym oblakam 

Sharonov, V.V.: Trudy VI soveshchaniya PO serebristym oblakam 

Villmann, C.I.: Trudy VI soveshchaniya PO serebristym oblakam 

93 



9. Dirikis, M.A.: Trudy VI soveshchaniya P O  serebristym oblakam 
(Works of the Sixth Conference on Noctilucent Clouds). 
Riga, 1961. 

(Bulletin of the Solar Research Commission), No. 10, 1954. 

Observations. London, 1955. 

1960. 

Tipizatsiya tsirkulyatsionnykh mekhanizmov v severnom 
polusharii (Classification of the Circulation Mechanisms 
in the Northern Hemisphere). Moscow-Leningrad, "Gidromet- 
izdat" , 1946. 

14. Cherednichenko, V.I.: Astronomicheskiy sbornik (Astronomical 
Handbook), Vol. 3-4. Izdat. "L'vovskogo universiteta", 
1960, p. 64. 

10. Bezrukova, A.Ya.: Byull. Komissii PO Issledovaniyu Solntsa 

11. Sunspot and Geomagnetic Storm Data Derived from Greenwich 

12. Bezrukova, A.Ya.: Solnechnyye dannyye (Solar Data), No. 7, 

13. Dzerdzeyevskiy, B.L. , V.M. Kurganskaya and Z.M. Vitvitskaya: 

9 4  



T H E  R E S U L T S  O F  P H O T O M E T R I C  O B S E R V A T I O N S  
OF N O C T I L U C E N T  C L O U D S  

C.I. V i l l m a n n  

ABSTRACT: The r e s u l t s  of p h o t o m e t r i c  o b s e r v a -  
t i o n s  of n o c t i l u c e n t  cZouds a r e  a n a l y z e d  and 
i n t e r p r e t e d  i n  t h i s  a r t i c l e .  I t  i s  shown t h a t  
t h e  a b s o l u t e  b r i g h t n e s s  o f  n o c t i Z u c e n t  c l o u d s  
can v a r y  w i t h i n  a r a t h e r  broad r a n g e .  The 
a u t h o r  d i s c u s s e s  t h e  p r i n c i p a l  r e a s o n s  f o r  such  
a phenomenon on t h e  b a s i s  of t h e  i c e  ( c o n d e n s a -  
t i o n ) ,  d u s t ,  and compromise t h e o r i e s  c o n c e r n i n g  
t h e  f o r m a t i o n  o f  n o c t i l u c e n t  cZouds.  

1 .  I n t r o d u c t i o n  

The principal task of photometric observations of noctilucent 
clouds in o u r  program was to obtain the albedo of the medium at 
various points of the field being observed. By the albedo of the 
medium, we mean the total energy generated by the medium on a unit 
surface in a unit of time (in terms of energy percentage) and in- 
cident on a unit surface (from an external light source) in a unit 
time. In addition to analyzing the data obtained from polarimetric 
studies concerning the dimensions and reflectivity of the particles 
forming noctilucent clouds [1,2], we have also attempted to evalu- 
ate the concentration of the matter in noctilucent clouds and the 
thickness of the layer at various points of the cloud field, and 
to determine the curve for the light diffusion of noctilucent 
clouds. 

We analyzed photographs of noctilucent clouds made with a 
three-lens camera which was specially designed for photometric, 
polarimetric and colorimetric studies of plane celestial object- 
ives [3]. The methods for the photometric observation, calibra- 
tion, and standardization of the photographs were described in [ 3 ] .  

We used three occurrences of noctilucent clouds (July 15-16, 
1959, July 8-9 and August 7-8, 1961) to determine the brightness 
of single details in the cloud field, and one occurrence (July 3 0 -  
3 1 ,  1959) to determine the characteristic curve of the light dif- 
fusion from particles in the noctilucent clouds. 

The photometric standardization of the brightness of the 
measured elements was made according to the.following: 

/84 
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(1) according to the Sun, for the occurrence on July 15-16, 
1959 (the standardized photographs were obtained in the morning 
immediately after the noctilucent clouds were photographed); 

(2) according to the extrafocal image of Capella, for July 8- 
9 ,  1961 (this was found during the photographing of noctilucent 
clouds in the immediate vicinity of the latter); 

(3) according to Venus, for the occurrence on August 7-8, 1961 
(the planet appeared together with the noctilucent clouds). 

2 .  D e t e r m i n i n g  t h e  B r i g h t n e s s  o f  E l e m e n t s  a n d  t h e  C o n c e n t r a t i o n  
o f  P a r t i c l e s  i n  t h e  C l o u d  F i e l d  

Let B o  be the brightness of the noctilucent clouds; in this - /85 
case, we find the following expression: 

sk bo- b Bo == r -_ sc 
Ostal? 

where b is the measured total brightness for a certain point in 
the fiefd; b is the brightness of the twilight sky at the same 
point, when fkere are no noctilucent clouds; bstan is the bright- 
ness of a standard screen at the moment when the elevation of the 
Sun above the horizon is equal to the height of the measured point 
in the cloud; rsc is the coefficient of reflection of the screen. 
If we do not know rsc, the unit brightness which must be included 
in B o  is the brightness of an absolutely white screen located at 
right angles to the solar rays at the limit of the Earth's atmo- 
sphere. In this case, it is assumed that the transparency of the 
Earth's atmosphere is the same during observations of the nocti- 
lucent clouds, the twilight sky, and the sunlight. 

This method was used in analyzing the observations of 
July 15-16, 1959. 

The photographs which contained images of Capella and Venus 
(for July 8-9 and August 7-8, 1961) were analyzed by the stand- 
ardization method according to the extrafocal images of the stars. 
The brightness of the elements in the cloud field was found ac- 
cording to the following formula: 

n bo 
4 4st 

5M =: 111 -1.- 2,5 log - 8% - 23 log - 

where SM. is the brightness of the element in the cloud in stellar 
magnitudes per square second of arc; m is the stellar brightness; 
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d r r  is the diameter of the extrafocal image of the star per second 
of arc; bo/bst is the ratio between the brightness of the detail in 
the cloud and the effective brightness of the disk of the star ob- 
tained by using the characteristic curve. 

The advantage of this method of standardization for photometry 
of noctilucent clouds is the following: having photographed the 
star and the noctilucent clouds at the same moment, and having 
selected for the measurements those points in the cloud field whose 
zenith distance is equal to the zenith distance of the star, we can 
exclude the effect of atmospheric extinction from the observations. 

In addition to determining the brightness of single details in 
the cloud field, we also found the value for the contrast of the 
brightness of the cloud against the background of the sky. It is 
well known that the latter determines the visibility of the cloud; 
it is found by the following formula: 

where b o  and b s k  have the same meaning as in (1). Since it is /86 
impossible to measure b s ,  directly, because of the details in the 
cloud, we used the value b ,  as the half-sum of the brightnesses 
for points in a pure, cloudless sky located above (b,,,) and below 
(bsk2) the observed detail in the noctilucent cl-ouds. 

T A B L E  1 

Table 1 gives the conditions under which the photographs were 
made. The average exposure time is given in true solar time. 

We constructed a Bouguer line according to the observations 
of the Sun on July 16, 1950 (Fig. 1). Although the Sun was photo- 
graphed from the moment of sunrise to z = 65O (with an atmospheric 
mass M, from 27,.0 to 2.6 according to the Bemporad table), we 
could only use the observations for M, = 7.8-5.6 for the standard- 
ization. This was caused by the fact that when M, was greater 
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t h a n  7 . 8 ,  t h e  Sun w a s  s e e n  t h r o u g h  a n  a t m o s p h e r i c  h a z e ,  a n d  t h e  
p h o t o g r a p h s  o b t a i n e d  f o r  M < 5 . 6  were  o v e r e x p o s e d  b e c a u s e  t h e  c o e f f i -  
c i e n t  o f  t r a n s p a r e n c y  o f  t g e  f i l t e r  w a s  t o o  g r e a t  ( r s c = 3 . 4 3 * 1 0 - 4 ) .  

The  r e s u l t s  o f  t h e  c a l c u l a t i o n s  for t h e  b r i g h t n e s s  a n d  c o n t r a s t  
o f  d e t a i l s  o f  t h e  n o c t i l u c e n t  c l o u d s  a r e  shown i n  T a b l e  2 .  

A s  w e  c a n  s e e  f r o m  T a b l e  2 ,  t h e  b r i g h t n e s s  o f  t h e  n o c t i l u c e n t  
c l o u d s  o b s e r v e d  o n  J u l y  8-9 a n d  A u g u s t  7 - 8 ,  1 9 6 1  w a s  l o w e r  ( b y  
s e v e r a l  o r d e r s  o f  m a g n i t u d e )  t h a n  t h a t  o f  t h e  c l o u d s  o b s e r v e d  o n  
J u l y  1 5 - 1 6 ,  1 9 5 9 .  J u d g i n g  b y  t h e  comments  i n  t h e  l o g  f o r  t h e  o b -  
s e r v a t i o n s ,  t h e  n o c t i l u c e n t  c l o u d s  o f  J u l y  1 5 - 1 6 ,  1 9 5 9  were  e x c e p -  
t i o n a l l y  b r i g h t ,  w h i l e  t h e  d e t a i l s  i n  t h e  c l o u d  f i e l d s  o b s e r v e d  on  
J u l y  8-9  a n d  A u g u s t  7 - 8 ,  1 9 6 1  w e r e  f a i n t  or m o d e r a t e l y  b r i g h t .  
T h i s  i s  a l s o  i n d i c a t e d  b y  t h e  v a l u e s  f o r  t h e  c o n t r a s t  K w h i c h  w e  
c a l c u l a t e d .  M o r e o v e r ,  w e  s h o u l d  c o n s i d e r  t h e  f a c t  t h a t  t h e  a n g l e s  
o f  s c a t t e r  for t h e  m e a s u r e d  d e t a i l s  i n - t h e  c l o u d  f i e l d  v a r i e d  o n  
t h e  d i f f e r e n t  d a t e s .  T h u s ,  for e x a m p l e ,  t h e  a n g l e  o f  s c a t t e r  f o r  / 8 7  
t h e  p o i n t s  whose  b r i g h t n e s s  w a s  d e t e r m i n e d  on  J u l y  8 - 9 ,  1 9 6 1  w e r e  - 
a l m o s t  e q u a l  t o  9 0 ° ,  w h i l e  t h e y  were  o n l y  f r o m  2 1  t o  29O for 
J u l y  1 5 - 1 6 ,  1 9 5 9 .  T h e r e f o r e ,  i t  i s  v e r y  p r o b a b l e  t h a t  t h e  c u r v e  
f o r  t h e  s c a t t e r  o f  t h e  p a r t i c l e s  f o r m i n g  t h e  n o c t i l u c e n t  c l o u d s  
h a s  a more  or l e s s  e x t e n d e d  a p p e a r a n c e .  I n  t h i s  c a s e ,  w e  c a n  
c o n s i d e r  t h a t  t h e  p r i n c i p a l  beam o f  r a d i a t i o n  o n  J u l y  1 5 - 1 6 ,  1 9 5 9  
w a s  d i r e c t e d  t o w a r d  t h e  s e n s i t i v e  e l e m e n t ,  w h i l e  o n l y  a s m a l l  p a r t  
o f  t h e  l i g h t  ( t h e  p a r t  w h i c h  w a s  d i f f u s e d  b y  p a r t i c l e s  o f  t h e  n o c -  
t i l u c e n t  c l o u d s  a t  a n  a n g l e  o f  9 0 ° )  w a s  d i r e c t e d  t o w a r d  t h e  s e n s i -  
t i v e  e l e m e n t  on  J u l y  8 - 9 ,  1 9 6 1 .  A l t h o u g h  t h e  a n g l e s  o f  s c a t t e r  o f  
t h e  m e a s u r e d  p o i n t s  i n  t h e  n o c t i l u c e n t  c l o u d s  o f  A u g u s t  7 - 8 ,  1 9 6 1  
w e r e  a l s o  s m a l l  ( f r o m  1 9  t o  2 6 O ) ,  ; . e . ,  t h e  p r i n c i p a l  beam o f  
s c a t t e r e d  r a d i a t i o n  w a s  d i r e c t e d  t o w a r d  t h e  s e n s i t i v e  e l e m e n t ,  t h e  
b r i g h t n e s s  o f  t h e  d e t a i l s  i n  t h i s  c l o u d  f i e l d  w a s  a l s o  m o d e r a t e .  
I n  a l l  p r o b a b i l i t y ,  t h e  c o n c e n t r a t i o n  o f  c l o u d  p a r t i c l e s  w a s  l e s s  
i n  t h i s  ca se  t h a n  on  J u l y  1 5 - 1 6 ,  1 9 5 9 .  

The i n t e n s i t y  o f  t h e  s c a t t e r e d  l i g h t  
p r o d u c e d  b y  t h e  p a r t i c l e s  i n  n o c t i l u c e n t  
c l o u d s  d e p e n d s  on  t h e  d i m e n s i o n s ,  t h e  q u a n t i t y  
p e r  u n i t  v o l u m e ,  a n d  t h e  p h y s i c a l  n a t u r e  o f  
i n d i v i d u a l  s c a t t e r e d  p a r t i c l e s .  I n  g e n e r a l ,  
t h e  g r e a t e r  t h e  d i m e n s i o n s  o f  t h e  p a r t i c l e ,  
t h e  more  s t r o n g l y  i t  s c a t t e r s  t h e  l i g h t .  
However ,  when t h e  t o t a l  mass o f  t h e  s c a t t e r e d  
m a t t e r  h a s  b e e n  p r o d u c e d  p r e v i o u s l y  ( a s  c a n  
b e  t h e  ca se  w i t h  n o c t i l u c e n t  c l o u d s ) ,  t h e  
i n c r e a s e  i n  t h e  d i m e n s i o n s  o f  t h e  p a r t i c l e s  
l e a d s  t o  a r e d u c t i o n  o f  t h e i r  n u m b e r ,  w h i c h  
c a n n o t  b e  c o m p e n s a t e d  u n d e r  c e r t a i n  c o n d i t i o n s  
b y  t h e  i n c r e a s i n g  " s c a t t e r i n g  f a c t o r " .  T h u s ,  
f o r  e x a m p l e ,  i f  r > > A  ( r  i s  t h e  r a d i u s  o f  t h e  

E Eo 

A5U 

50 tffu M, 
I/, IO0 

50 

0 

F i g .  1. B o u g u e r  
L i n e .  
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T A B L E  2 

V e i l  

F a i n t  C r e s t  
Same 

216 49 
21G 49 
216 49 
21G 55 

217 03 
E17 03 

2G7 20 
?ti7 39 
2GG 53 
2GG 55 
265 52 
262 30 
'GI 13 

235 49 
239 I?. 
238 15 
238 15 
"38 15 
"38 15 
E38 53 
2/15 05 
' 4 5  05 
2/15 05 
245 11 
2.45 1 I 
24G 50 

so 52 
59 41 
70 23 
SI 17 

80 51 
79 28 

43 45 
4 3  01 
43 55 
43 09 
4 1  45 
41 03 
4 1  "3 

75 15 
75 15 
75 15 
75 51 
75 19 
75 53 
75 15 
7s I1  
77 5G 
77 54 
77 53 
77 37 
58 19 

2s 28 
28 29 
3s 40 
28 1 G  

28 42 
' 8  43 

89 32 
89 5 4  
89 12 
SO 23 
S I  09 
87 02 
8G OS 

19 25 
19 4 G  
18 55 
I8 4 2  
I8 54 
I8 41 
I9  "9 
24 ?J2 
"4 34 
24 35 
24 41 
24 44 
2G 12 

- 0 , G O  
_- 0,59 
- 0,59 
- 0,5G 

- 0,Gl 
0,4G 

1F,3  0,02 
14,O 0 , O G  
15,4 0 , M  

15,3 0,04 
14,9 0,OG 
IG,0 0,02 

11,s 0,lO 
11 ,4  0,08 
1 1 , 2  0,12 
l I , 3  0,lO 
1 1 , l  0,12 
11,2 0,os 
11,o 0,12  
11,2 O,O9 

11,2 0,08 

11 , l  0,lO 
11,2 0,11 

- 

14,s 0,oti 

11,3 0,OG 

11,3 0 ,OG 

N o t e :  e s i g n i f i e s  t h e  a n g l e  o f  s c a t t e r ,  B o  i s  e x p r e s s e d  
i n  s o l a r  u n i t s  a n d  c a n  b e  u s e d  a s  t h e  a p p a r e n t  a l b e d o  o f  
t h e  medium ( A B )  o f  t h e  c l o u d s ;  M s i g n i f i e s  t h e  b r i g h t n e s s  
o f  t h e  d e t a i l  i n  t h e  c l o u d  f i e l d  i n  s t e l l a r  m a g n i t u d e s  
p e r  s q u a r e  s e c o n d  o f  a r c ;  K i s  t h e  b r i g h t n e s s  c o n t r a s t  
b e t w e e n  t h e  d e t a i l  i n  t h e  c l o u d  a n d  t h e  b a c k g r o u n d  o f  t h e  
s k y ;  A a n d  z a r e  t h e  a z i m u t h  a n d  t h e  z e n i t h  d i s t a n c e s  6f 

t h e  m e a s u r e d  d e t a i l  i n  t h e  f i e l d ,  r e s p e c t i v e l y .  
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particles, X is the length of the light wave) for particles with 
r % : 1 0 - 5 - 1 0 - ~  cm, i.e., for the particles which we found in polari- 
metric studies of noctilucent clouds C1,21 ,  the scattering capacity 
increases with an increase of r in proportion to r 2 ,  while the 
number of particles increases in proportion to r3. Therefore, the 
total intensity of the scattered light produced by the particles 
decreases when r increases. 

Knowing the apparent albedo of the medium, we can evaluate 
the concentration and volumetric density of the particles in noc- 
tilucent clouds. 

In order to calculate the concentrations, we introduced the 
following formula: 

where Aa 
single pgrticles; d is the vertical thickness of the layer of noc- 
tilucent clouds; 

is the apparent,albedo of the medium; Aft is the albedo of 

R is the radius of the Earth; .H is the height of the noctilucent - / 8 9  
clouds from the ground; z is the zenith distance of the point in 
the cloud field; r is the radius of the particles. 

The volumetric density of the noctilucent clouds was calcu- 
lated according to the following formula: 

4 
3 

p = - nr”X, (5) 

where 6 is the density of the matter of the particles. 

The concentration of the particles and the volumetric density 
of the noctilucent clouds were calculated for different variations: 
for r = 1.35’10-5 and 1*10-4 cm with A$: = 1 (i.e., it was assumed 
that the garticles in the clouds were ice crystals); for r =1*10-5 
and 1’10- cm with A$: = 0.3 (:.e., it was assumed that the particles 
were of meteoric origin). In this case, x and p were calculated 
f o r  several diameters of the cloud layer (100,250,500,1000,2000, 
2 5 0 0  and 3000 m). 

Calculations were made for the appearance of noctilucent 
clouds on July 15-16, 1959. Different concentrations of particles 
per unit volume were obtained for different details in the cloud 
field. However, we should assume that the co’ncentration must be 
more or less identical throughout the entire cloud field, while 

10 0 



the varying visible brightness of single details can be explained 
by the diameter of the cloud field in various directions along the 
line of sight. Therefore, it seemed of interest to determine the 
average concentration, and we attempted to do so. On the other 
hand, we had to know the vertical thickness (or the thickness 
along the line of sight) of the cloud layer for various details in 
the field before determining the average concentration. We did 
not know this value. Therefore, we found the average concentration 
in another way. In order to determine the probable average con- 
centration, we calculated the average weight concentration for 
various thicknesses ofthe cloud layer. In this case, we used dif- 
ferent weights €or various details in the field with a definite 
thickness of the layer, depending on the intensity of the emission 
and the general structure of the field. 

The weights used for various details in the field are shown 
in Table 3. 

__  _ _  
Detail of 
Cloud Field 100 -501 _ _  

Veil,. . . . . . . . . . . 
Faint Crest. . . . . . 
Bright Crest. . . . . 
Eddy Edge.. . . . . . . 

Eddy Center' * . * . 
E d dy . . . . . . . . . . . 

TABLE 3 
3 s s  of layer, m 
-- 

tained for various sections 

Average 
- Concen- - 
tration 
x ,  cm-3 - 

-- ~- 

3,3.  IO-' 
~ , , 1 . 1 0 - 4  
1,8..10-1 
1,8.10-3 

- 
Z O O -  Naturally, these 5 
118 
114 the fact that we were inter- 
113 ested in any statistical 
I /2 average concentration in a 
213 first approximation, we per- 
1 mitted this inaccuracy. 

weights are rather arbi- 
trary. However, considering / 9 0  - 

The probable average 
weigh't concentrations ob- 

of the clouds are shown in Table 4. 

TABLE 4 

Volumetric We can assume that 
 it^ these average concentrations 
g . cm- are rather approximate. 
-. ~ Therefore, it would be very 

3,4.1 0-Io interesting to check these 
2,5.10-15 values by an indirect method. 

3,4.10- l 4  We will intr0duc.e a 
3,4.10-'5 

new value, the so-called 
specific concentration of particles in noctilucent clouds K ' .  This 
value is determined by the following formula: 

11 I(' = - 
N '  



where n is the number of molecules in the atmosphere per unit 
volume; N is the number of particles in noctilucent clouds of a 
certain size for the same volume. 

We will also introduce a certain coefficient of proportion- 
ality a ,  which will characterize the scattering capacity of the 
particles in the clouds relative to that of the molecules of the 
atmosphere; 

where K" is a value which determines the quantity of light scat- 
tered by the particles in the noctilucent clouds relative to the 
light scattered by the molecules of the atmosphere. 

In order to determine the nature of the light scattering in 
the zone of noctilucent clouds, we must determine the coefficient 
ct in (7), which depends on the ratio ci / a N  (where c iN and CY. 

the coefficients of the scattering of Yight by the cloud particles 
and by molecules in the atmosphere, respectively). However, it is 
insufficient to compare only total intensities in solving the 
problem of the nature of the light scattering in the atmosphere; 
we must also include the characteristic curves of the scattering, 
which can differ greatly for the scattering of light by particles 
and by molecules in the air. The particles (which have extended 

beam, while the molecules (which have Rayleigh curves) scatter 
light almost identically in all directions. Therefore, having 
compared the intensity of the light scattered by particles and 
molecules in the direction of the principal beam, we should examine 
only a small part of the scattered light flux in the case of mole- 
cular scatter, i.e., the part concentrated at that solid angle at 
which the light scattered by the particles is extended. In other 
words, if a particle scatters its principal flux at a solid angle 
y ,  then we should consider the total light flux determined by the 
coefficient y / 4 n  in a similar comparison with the light scattered 
by a molecule. 

are l'l 

scattering curves) concentrate the scattered light in a narrow /91 

Returning to (7), we can now write the following: 

and 

Let us determine a .  The scattering factor ct calculated for 
one molecule of air with A = 50008 gives ci =6.7.16-27cm2 [ 4 ] .  
scattering factor ciN for the particles canl'lbe calculated by the 
following expression: 

The 
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where r g  is the radius of the particle and p=2nr /A; k ( p )  is the 
scattering function tabulated in the work by ShiFrin [SI. 

The value of the function k ( p )  dep.ends on the refractive index 
of the particle ( m >  in the following way: 

m A. A r ,v, CA k ( P )  a,". CY¶ Assuming that a particle 
1,33 50C0 1,0 0;19 6,2S*IO-" scatters light at a solid angle 
1,33 5000 l,o .IO-.' 1,88 5,9 -io-* y=(60-70°)2, we find that y / 4 n =  
1,33 5600 1,35.10-5 0,32 .',I? 10-1, 
1,55 5000 I , O  . io-5 O , ~ O  z,z .10-10 

In order to obtain the 
quantity of molecules which aid 

in producing the brightness of the twilight background for nocti- 
lucent clouds, i.e., the molecules of the atmosphere by which the 
solar light is scattered at a given zenith distance of the Sun, we 
calculated the following integral: 

(11) J 

where H =70 km; H = 7 0 0  km; f(n) was taken according to the standard /92 
atmosphere ARDC=1859 [ S I .  1 We obtained the value n=3.15'1016cm-3. 

- 

In order to find the quantity of particles in noctilucent 
clouds, we will use (9), from which it follows that 

where K r r  can be replaced by the following expression: 

Here, b o  and bs, have the same values as in (1). Formula (12) can 
now take the following form: 

The quantity of particles N per 1 cm3, i.e., the concentration 
x ,  was calculated for the noctilucent clouds on July 15-16, 1959 
for the same details in the field as those whose brightnesses are 
shown in Table 2. The values of x obtained are shown in Table 5. 
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As we can see from Table 5, the average concentrations obtained 
are rather close to the average weight concentrations obtained by 
the other method (see Table 4). 

T A B L E  5 
- 

No a 

- 
1 
2 
3 
4 
5 
G 
7 
8 
0 

10 
11 
- 

Detail of 
Cloud Field 

Veil . . . . . . 
Faint Crest . 
Same . . . . . . . 
Bright Crest. 
Eddy. . . . . . . 
Eddy Center ' 

Eddy Edge . . 
Faint Crest. 
'Eddy. . . . . . . 
Eddy Center. 
Same . . . . . . . 
Average.. . . . . -... 

- 
Concentration X - _ _  

m=I .33 

r=l . lO-s  CJL 
~. 

0,8.10-1 

5,140-1 
3,:3. Io - '  

4,8.10-1 

3,2 I IO-' 

7 ,4 .  I O - '  

4 ,  G . .IO-' 
4,5.10-' 
3 ,  G .  10-1 
4,2.10-' 
2,3.10-' 

4,O. 10- ' 

.~ 

= I  ,35.IO-S* C: 
. 

0,5.10-1 
2,o. 10- 1 

2,240-1 
4 ,e .  10- I 

3,2.10-' 

3,O.iO-l 
2,9.10-' 
2,S.IO-l 
2,3. I O - '  
2, G ..lo-' 
1,4..10-' 

2,5.10-' 
______ 

m=1.55 

r - I .  IO-' CAL 

- .. 
r=l. IO-' CAL 
- .  ~ . 

0 , 3 .  IO-' 
0,o. 10-1 
1,s. 10-1 
1,0.10-1 
2,s. 10-2 
1,4.10-1 
1,3.10-' 
1,3.10-' 
1 ,1.10-' 
1,2.10-' 
0,7.10-' 

1,2.10-1 
. _ _ _  

Note: For r=1.35.10-5cm, x was calculated for 
X=5600 8 ;  for the o;ther values of r ,  it was 

calculated for X=50008. 

This circumstance allows us to consider that the average weight 
concentrations are more or less close to the real concentrations. /93 - 

On the basis of these average weight concentrations, we cal- 
culated the effective thickness of the measured details in the 
cloud field for r=l'10-5cm according to (4). The results are 
shown in Table 6, where a '  is the thickness of the layer along the 
line of sight, and (y. is the. vertical thickness in relation to the 
Earth's surface. 

According to Khvostikov's hypothesis, noctilucent clouds are 
formed as a result of condensation or sublimation of water vapor 
in the mesopause [ 7 ] .  If we use the values for t h e  concentration 
of particles we found in noctilucent clouds and the dimensions of 
the particles obtained from polarimetric observations [1,2], and 
if we also consider that the particles actually do consist of 
water, then the water content in noctilucent clouds is on the 
order of 10-9-10-10g*cm-3 , while the specific humidity corresponds 
to g=10-6-10-9. 
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No. 

3 .  D e t e r m i n i n g  t h e  C h a r a c t e r i s t i c  S c a t t e r i n g  Curves 

L e t  u s  a t t e m p t  t o  d e t e r m i n e  t h e  c h a r a c t e r i s t i c  s c a t t e r i n g  
c u r v e s  f o r  t h e  l i g h t  o f  n o c t i l u c e n t  c l o u d s .  We w i l l  a s s u m e  t h a t  
t h e  a v e r a g e  c o n c e n t r a t i o n  o f  p a r t i c l e s  w h i c h  f o r m  n o c t i l u c e n t  
c l o u d s  i s  e v e r y w h e r e  i d e n t i c a l  i n  a n y  s t r u c t u r a l  s h a p e  o f  t h e  
f i e l d  ( i n  o u r  c a s e ,  i n  a b a n d ) ,  a n d  t h a t  t h e  s t r u c t u r a l  s h a p e  h a s  
t h e  same e f f e c t i v e  t h i c k n e s s  e v e r y w h e r e .  N a t u r a l l y ,  t h i s  a s s u m p -  
t i o n  i s  r a t h e r  r i s k y ,  a n d  c a n  l e a d  t o  a s u b s t a n t i a l  d e v i a t i o n  f r o m  
t h e  r e a l  v a l u e s .  N e v e r t h e l e s s ,  w e  d i d  a t t e m p t  t o  o b t a i n  some i n -  - / 9 4  
f o r m a t i o n  c o n c e r n i n g  t h e  n a t u r e  o f  t h e  s c a t t e r i n g  c a p a c i t y  o f  t h e s e  
p a r t i c l e s  d e s p i t e  t h i s  f a c t .  

I n  o r d e r  t o  d o  t h i s ,  w e  u s e d  a p h o t o g r a p h  o f  n o c t i l u c e n t  
c l o u d s  o b t a i n e d  o n  J u l y  3 0 ,  1 9 5 9  a t  2 3 : 4 9 ' 4 5 ' '  ( a p p a r e n t  s o l a r  
t i m e )  f o r  t h e  h o r i z o n t a l  c o o r d i n a t e s  o f  t h e  Sun A = 1 7 7 O 3 2 '  a n d  
z = 102O08'. The e x p o s u r e  t i m e  w a s  30 s e c ,  w i t h  a r e l a t i v e  a p e r -  
t u r e  o f  1:22. A l i g h t  f i l t e r  (OS-11) w a s  u s e d .  T h e r e  w e r e  s e v e r a l  
b r i g h t  b a n d s  on t h i s  p h o t o g r a p h ;  t h e y  w e r e  a l m o s t  p a r a l l e l  t o  t h e  
h o r i z o n  t h r o u g h o u t  t h e  e n t i r e  c l o u d  f i e l d .  

We d e t e r m i n e d  t h e  b r i g h t n e s s  o f  1 7  d i f f e r e n t  p o i n t s  w h i c h  h a d  
v a r i o u s  a n g l e s  o f  s c a t t e r  b u t  a l m o s t  i d e n t i c a l  z e n i t h  d i s t a n c e s  
f o r  o n e  s u c h  b r i g h t  b a n d .  T h e r e f o r e ,  w e  c o n s i d e r e d  t h e  e x t i n c t i o n  
i d e n t i c a l  f o r  a l l  t h e  p o i n t s ,  a n d  w e  made t e s t s  o n l y  f o r  t h e  p h o t o -  
m e t r i c  e r r o r  i n  t h e  f i e l d  o f  t h e  o b j e c t i v e .  The l a t t e r  w a s  d e l t e r -  
m i n e d  u n d e r  l a b o r a t o r y  c o n d i t i o n s  w i t h  t h e  a i d  o f  a p h o t o m e t r i c  
c u b e  p r e p a r e d  s p e c i a l l y  f o r  t h i s  p u r p o s e .  

The m e a s u r e d  b r i g h t n e s s e s  o f  t h e  p o i n t s  i n  t h e  b a n d  o f  n o c t i -  
l u c e n t  c l o u d s  a r e  g i v e n  i n  T a b l e  7 .  
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T A B L E  7 

1 20" 0,84 

3 23 0,79 
4 24 0,73 
5 25 0,84 
G 2G 0,98 
7 27 0,SD 
8 28 0,72 
9 20 0,78 

2 22 0,98 
1,04 

O,S9 
0,79 
0,89 
1,03 
0,92 
0,74 
O,T9 

1,12 
10 
11 
12 
13 
11 
15 
1G 
17 

0,77 
1,oo 
1,oo 
0,GG 
O,G8 
0,71 
0,5G 
0,52 

I o (  
0,78 
1,oo 
1 , O l  
O,G7' 
0,70 
0,75 
0,610 
0,59 

30' 
32 
34 
35 
37 
38 
39 
41 

Note: 8 i s  the angle of scatter for the given point; 
- is the brightness of the point in relative units, 
BO 
i.e., the ratio between the brightness of the given 
point ( B )  and that of the point at the center of the 
frame ( B O )  (:.e., the 11th point) without corrections 

B '  is the for the photometric error of the field; 
same error, but without the field error. w- 

On the basis of the data obtained, we constructed the scat- 
tering curve in the form of a vector diagram (Fig. 2 ) .  

The scale of the curves varies. Curve IV (broken line) was 
plotted as an estimate of the average values for the 17 points. 

The first three curves were taken according to Shifrin [ 5 ] .  /95 - 
They are the characteristic curves of weakly-refracting particles 
such as those forming noctilucent clouds (in all probability). 

Fig. 2 .  Characteristic Curves 
of Weakly Refracting Particles 
(I-III), and the Characteristic 
Curve of Particles in Noctilu- 
cent Clouds, Obtained from Ob- 
servations (IV). (I) Curve 

for Particles with m- - 4; 
( 1 1 )  for Particles with m- - 
1.6; (111) for Particles with 

2 ~ r r  - 
A 2Trr - 

A 

2 n r  - m- - 0 . 8 .  A 
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As we can see from Figure 2, the variation of our points is 
rather great. This can be explained by our assumption that the 
concentration of particles is identical throughout the entire band. 
Therefore, Curve I V  (which is the characteristic curve of particles 
in noctilucent clouds) is a rough approximation of the real one. 
We can also see that there is a certain resemblance between Curves 
I1 and IV. This means that the same order of magnitude for the 
dimensions of the particles in noctilucent clouds was obtained from 
the polarimetric studies observing the same phenomenon and for 
Curve I V .  

4. D e t e r m i n i n g  t h e  B r i g h t n e s s  F u n c t i o n  and t h e  T r a n s m i s s i o n  
C o e f f i c i e n t  o f  N o c t i l u c e n t  C l o u d s  

As we can see from the results obtained, the apparent bright- 
ness of noctilucent clouds varies within a rather broad range (in 
our cases, from 28'10-6 to 2.4'10-11, in solar brightness units) 
in relation to the intensity of the cloud field for the phenomenon 
and the angle of scatter for the point whose brightness is deter- 
mined. In all probability, this variation in the brightness was 
caused primarily by the concentration of particles, which can vary - /96 
for different occurrences (naturally, within certain limits). We 
can also assume that the effective thickness of the cloud layer is 
not constant for different occurrences. However, a change of the 
latter to a degree that would give values on the order of 5-6 for 
the variation in the brightness of the details in the cloud field 
is not very likely. Moreover, we can hardly consider the variation 
in the dimensions of the particles for different occurrences as the 
principal cause of such a broad interval for the change in the 
brightness. The results of polarimetric observations E21 also 
contradict such an assumption. 

If we assume that the particles in noctilucent clouds are 
formed by sublimation of water vapor, then the dimensions of the 
particles will not be constant (obviously) and will depend on the 
duration of the conditions suitable for sublimation and the quan- 
tity of water vapor in the zone where the noctilucent clouds are 
formed . 

Using Hesstvedt's formula E81, we can calculate the rate of 
sublimation and the time when the particles are being formed: 

where P is the radius of a particle; t is the time; M is the molec- 
ular weight of ice; p i  is the density of the ice; R is the univer- 
sal gas constant; l' is the temperature; e is the pressure of the 
ambient water vapor; ei(r) is the equilibrium vapor pressure at 
the surface of the particle; p is the coefficient of sublimation. 
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The unknown values on the right-hand side of the equation 

(aspi, T and the numerical value of [1------ 1 can be shown with 
an accuracy sufficient for determining the correct order of mag- 
nitude f o r  d r / d t  (at least). Using the data of various researchers, 
and extrapolating the results of measurements for the humidity at 
heights of 28-82  km, it was found that d r / d t  = cm/min [8 ] .  
This means that about thirty minutes is necessary for the process 
of formation of the particles in noctilucent clouds with the di- 
mensions we obtained from polarimetric studies (1.35'10-5 cm). 
According to our observations and the data in the literature, the 
continuous increase in the emission intensity of noctilucent 
clouds, and thus the continuous increase of particles, occurs dur- 
ing the same time interval; the former sometimes occurs more slowly 
than the latter. 

ei(r) 
e 

According to the shape of the characteristic curve we obtained 
(which, naturally, is only a first approximation of the real one) 
and the theoretical characteristic curves for weakly-refracting 
particles with 2 7 ~ r / A = 0 . 8 - 2 . 5  (which, according to polarimetric ob- 
servations, also form noctilucent clouds), the brightness of a 
detail in the cloud field can change, depending on the angle of 
,scatter (with O < <  < < g o o )  within the range of orders of magnitude /97 
from 0.3 to 2 . 0 .  It foll'ows from this that the various angles of - 
scatter can also be the cause of this wide brightness range for 
the field of noctilucent clouds. 

The brightness of noctilucent clouds ultimately depends on 
all the factors mentioned. The latter factors (except the angle 
of scatter), i.e., the concentration and dimensions of the parti- 
cles and the effective thickness of the cloud layer, depends on 
the physical conditions for the sublimation in the zone where 
noctilucent clouds are formed. These conditions are the corres- 
ponding temperature and pressure and a sufficient quantity of 
water vapor and sublimation nuclei. 

Considering what we have said, the brightness of the cloud 
field can be expressed as a function of these parameters, i.e.: 

where T is the temperature; p is the pressure, a is the water-vapor 
content in the atmosphere (the ratio between the concentration of 
H20 molecules and the total concentration of all the molecules); 
n is the number of sublimation nuclei (dust particles, micromete- 
o r s ) ;  A t  is the time from the beginning of sublimation to the 
moment of the observation; is the angle of scatter for the given 
point. 
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The relationship between the radius of an ice crystal r and 
the time of its growth can be expressed by the following formula 
191: 

r = ( 20-Aqt  ; )'" , 
where D is the coefficient of diffusion; p a  and pi are the densities 
of the atmosphere and the ice, respectively; A q  is the supersatura- 
tion, <.e., the difference between the specific atmospheric humidity 
and the saturated humidity for a given temperature; t is the time 
for the growth of the crystal. 

Expressing D in terms of the pressure p and the temperature 
T ,  we can write the following: 

D = D o f i ( k )  1 , 8 1  , 
D 

where the sub s cr ip t I t  0 ' I  signifies the standard conditions. 

Equation (17) can now be written thus: 

Expressing the value r in (4) in terms of (19), and deriving 
A B  from (4) (which is essentially the same as B o ) ,  we can obtain 
the following: 

where the symbols are the same as in (4); A;: in (4) was considered /98 
equal to one. 

The formula obtained links the principal parameters presented 
in (16). We could not include the function f ( e >  in (20) more 
clearly, since there is no precise characteristic for the light 
scattering by particles in noctilucent clouds. 

From the point of view of astrophysical observations, the 
extinction of light in passing through the layer of noctilucent 
clouds is of particular significance. Let us attempt to determine 
it on the basis of our observations. 
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The optical thickness of the layer T in the case of ice cry- 
stals in the air can be expressed by the following formula [SI: 

where is the average mass of the ice crystals in the air in the 
vertical column of a single section; p i  is the density of the ice; 
r is the average size of the crystals. 

On the other hand, T can be expressed in the following way: 

,c = j u (s) dx,  
0 

where c1 is the coefficient of extinction; x is the total thickness 
of the layer. 

Considering the medium of the noctilucent clouds to be opti- 
cally homogeneous and the value o f  the coefficient of extinction ci 
identical at all of its points, we have the following: 

(23) = ax, 

The exponential law of extinction can now be written thus: 

where T is the transmission coefficient. 

Considering that the value of ax in (24) was not clear in 
(21), we can write the following: 

- 
(25) T == e - l f l i p i r  

or 

Considering the average dimensions of the particles in noc- 
tilucent clouds equal to r k 1 . 3 5 ' 1 0 - 5  cm, the average volumetric 
density of the particles equal to = 3.4*10-16 g-cm-3 (see Table 3), 
and the average diameter of the clouds d - l O - 5  cm (see Table 6), 
we can find from (26) that T-0.99 ~ 1 .  

As we can see, the transmission coefficient of noctilucent /99 
clouds is close to one. This means that the screening of the 
light flux penetrating the cloud layers is very weak. 

- 
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The data in the literature and our own experiments show that 
there is no significant screening of celestial bodies located be- 
yond a field of noctilucent clouds. 

5. C o n c l u s i o n  

The results of photometric observations show that the abso- 
lute brightness of noctilucent clouds can vary within a rather 
broad range. The principal reason for this, in all probability, 
is the variation in the concentration of particles, both for dif- 
ferent occurrences and in the course of the same occurrence. 
Thus, we are concerned with those particles in noctilucent clouds 
whose formation or accumulation depends on some specific condi- 
tions. The hypothesis that noctilucent clouds consist only of 
small particles of cosmic dust can hardly explain the rather rapid 
change i n  the quantity of particles in the zone of noctilucent 
clouds which follows from visual observations as well as from 
photometric data on the variation in the brightness of single 
details and of the cloud as a whole. Therefore, it is more natural 
to assume that these particles are formed at the site, to a certain 
degree, and that their quantity and rate of formation depend on the 
physical conditions and the quantity of initial materials (for ex- 
ample, water vapor) for which the rather rapid change is more 
natural. 

We will now discuss these problems briefly. 

It is well known that there are two principal hypotheses 
concerning the origin of noctilucent clouds. According to one of 
them, the so-called condensation hypothesis, noctilucent clouds 
consist of ice crystals, i.e., they are the product of sublimation. 
According to the other, the so-called meteoric-dust hypothesis, 
noctilucent clouds consist of small dust particles which are pri- 
marily of cosmic origin. There is also another, so-called com- 
promise, variation, according to which the dust particles are con- 
sidered to be sublimation nuclei and to act as accelerators of the 
formation of ice crystals. 

Both the first and the second hypotheses involve a number of 
problems which have not been solved, and the mechanism for the 
origin of noctilucent clouds has still not been established con- 
clusively. Therefore, it would be very desirable to obtain new 
data and ideas concerning the processes occurring in the upper 
layers of the atmosphere, which could be used in solving the pro- 
blem of the origin of noctilucent clouds. Moreover, each new fact 
concerning the nature and behavior of noctilucent clouds aids in a 
more complete solution to this problem. In our opinion, one such /lo0 
rather important fact is the quantitative change in the concentra- 
tion during a given appearance of noctilucent clouds. 
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The most disputed questions concerning the condensation hypo- 
thesis are the following: 

(1) Is  the temperature in the mesopause, in the zone where 
noctilucent clouds are formed, low enough for the water vapor to 
become saturated relative to the ice, and is precipitation of 
water vapor possible? 

(2) Is there a sufficient quantity of water vapor in the 
zone where these clouds are formed? 

I.A. Khvostikov [lo] answered the first question. Using 
factual data concerning the temperature regime of the upper layers 
of the atmosphere, he showed that the temperature in the mesopause 
decreases from winter to summer at a latitude of about 6 0 ° N ,  and 
that during the summer the temperature there (even the average 
temperature) is close to those "rather low" values which are neces- 
sary for the formation of noctilucent clouds. This fact also ex- 
plains why noctilucent clouds appear only during the summer and in 
a narrow latitudinal band. 

There are various ,opinions concerning the second question, 
or how the water vapor appears in the mesopause. Some authors 
maintain that the water vapor is transported there from the tropo- 
sphere by ascending air currents ( N . I .  Grishin [ll]); others are 
of the opinion that it is formed at that site in the upper layers 
of the atmosphere (I.A. Khvostikov [ 7 ] ,  C. de Turville [12], D.J. 
Schove [13], R. Frith [141), or is transported there from outer 
space by meteors, and that the water is liberated as a result of 
the disintegration of the meteors at 80-90 km (S.P. Dobrovol'skiy 
[15]). In our opinion, the second version deserves the most 
attention. 

As long as ten years ago, I.A. Khvostikov proposed the idea 
that H20 molecules are formed of protons (brought into the atmo- 
sphere by corpuscular streams of solar origin) and atmospheric 
oxygen. This problem was studied in more detail by C. de Turville. 
According to his data, the constant proton flux trapped by the 
geomagnetic field up to a distance of about 12 Earth radii leads 
to an increase in the mass of hydrogen in the atmosphere to such a 
degree that the value of the trapped solar hydrogen is comparable 
to the quantity of hydrogen in the waters of the Earth's oceans 
(1.24.1024g) (if it is assumed that the accretion has occurred at 
the same rate throughout the entire time that the Earth has existed, 
i.e., 3.3-10' years). Therefore, C. de Turville suggested that 
there is a continuous process of water formation at a rate of 1.5 
tons/day in the upper atmosphere of the Earth; this is subsequently 
differentiated below these levels. 

Having studied the problems of the distribution of water 
vapor by altitude and geographic latitude by analyzing actually 
observed data, D.J. Schove drew the following conclusions: 

112 



(1) The h i g h e s t  c o n c e n t r a t i o n  o f  w a t e r  v a p o r  i n  t h e  l o w e r  /lo1 
s t r a t o s p h e r e  o c c u r s  a r o u n d  t h e  m i d d l e  o f  t h e  summer ,  when t h e  
q u a n t i t y  o f  w a t e r  v a p o r  a t  a n  a l t i t u d e  o f  1 0 0  mb ( 1 6  km) r e a c h e s  
2 0 0 - 3 0 0  m g / k g ;  

( 2 )  T h e r e  i s  a s y s t e m a t i c  a n n u a l  c y c l e  o f  c o n c e n t r a t i o n s  o f  
w a t e r  v a p o r ,  w i t h  a maximum c o n c e n t r a t i o n  d u r i n g  t h e  summer a n d  a 
minimum d u r i n g  t h e  w i n t e r .  T h i s  i n v o l v e s  l a t i t u d e s  n o r t h  o f  4 5 O N ;  

( 3 )  The a m p l i t u d e  o f  t h e  a n n u a l  v a r i a t i o n  i s  h i g h e s t  a r o u n d  
t h e  m i d d l e  o f  t h e  w i n t e r ,  a n d  i t  d e c r e a s e s  w i t h  a d e c r e a s e  i n  l a t -  
i t u d e ;  

( 4 )  The q u a n t i t y  o f  t h e  c o n c e n t r a t i o n s  i n c r e a s e s  i n  h i g h  
l a t i t u d e s  w i t h  a n  i n c r e a s e  o f  t h e  a l t i t u d e .  

F i n a l l y ,  h e  m a i n t a i n e d  t h a t  t h e  E a r t h ' s  s u r f a c e  i s  h a r d l y  t h e  
o n l y  s o u r c e  o f  t h e  w a t e r  v a p o r  f o u n d  i n  h i g h e r  l a y e r s  o f  t h e  a t m o -  
s p h e r e .  

R .  F r i t h  s u g g e s t e d  t h a t  t h e  w a t e r  v a p o r  f o r m e d  i n  t h e  meso-  
p a u s e  i s  t r a n s p o r t e d  i n t o  t h e  s t r a t o s p h e r e  t u r b u l e n t  m i x i n g .  
G .  Warnecke  [16] a s s u m e d  t h a t  t h e  p r i n c i p a l  c a u s e  o f  t h e  c i r c u l a -  
t i o n  b e t w e e n  t h e  l o w e r  m e s o s p h e r e  a n d  t h e  u p p e r  s t r a t o s p h e r e  w a s  
a l o n g - l a s t i n g  c i r c u m p o l a r  a n t i c y c l o n e  d u r i n g  t h e  summer .  

S i n c e  t h e  r e l a t i v e l y  g r e a t e s t  q u a n t i t y  o f  v a p o r  i s  f o u n d  
d u r i n g  t h e  summer ( s o l a r  t i m e )  a t  a n o r t h e r n  l a t i t u d e  o f  a b o u t  
6 0 ° ,  t h e  i d e a  t h a t  n o c t i l u c e n t  c l o u d s  a r e  f o r m e d  f r o m  t h e  w a t e r  
f o r m e d  a t  t h e  s i t e  i n  t h e  m e s o s p h e r e  a s  a r e s u l t  o f  some p r o c e s s  
( f o r  e x a m p l e ,  t h e  p h o t o c h e m i c a l  p r o c e s s  O H  f HzH20) i s  v e r y  c o n -  
v i n c i n g .  I t  i s  w e l l  known t h a t  t h e  b a n d s  f o u n d .  i n  t h e  s p e c t r u m  
o f  t h e  n i g h t  s k y  i n d i c a t e  t h e  p r e s e n c e  o f  O H  a t  a n  a l t i t u d e  o f  
a b o u t  7 0 - 8 0  k m .  T h i s  i d e a  s h o u l d  b e  s t u d i e d  i n  g r e a t e r  d e t a i l .  

I wou ld  l i k e  t o  m e n t i o n  o n e  more  i n t e r e s t i n g  o b s e r v e d  f a c t :  
n o c t i l u c e n t  c l o u d s  a p p e a r  i n  some k i n d  o f  s e r i e s ,  i . e . ,  i t  o f t e n  
h a p p e n s  t h a t  t h e y  a p p e a r  t w o ,  t h r e e ,  or e v e n  m o r e  n i g h t s  i n  s e -  
q u e n c e .  T h i s  f a c t  h a s  n o t  b e e n  i n t e r p r e t e d  c o n c l u s i v e l y .  

F i n a l l y ,  I s h o u l d  m e n t i o n  t h a t  t h e  p r o b l e m s  r e l a t e d  t o  t h e  
m e c h a n i s m  f o r  t h e  o r i g i n  o f  n o c t i l u c e n t  c l o u d s  show t h a t  new o b -  
s e r v a t i o n a l  d a t a  w i l l  h a v e  t o  b e  a c c u m u l a t e d  a n d  s t u d i e d  i n  g r e a t  
d e t a i l  i n  t h e  f u t u r e ,  

c 

C 

I n  c o n c l u s i o n ,  I w o u l d  l i k e -  t o  s a y  t h a t  n o c t i l u c e n t  c l o u d s ,  
w h i c h  a r e  a phenomenon  i n  t h e  u p p e r  l a y e r s  o f  t h e  a t m o s p h e r e ,  a r e  
a n  e x c e l l e n t  a g e n t  by  w h i c h  t h e  p r o c e s s e s  o c c u r r i n g  i n  t h e s e  l a y e r s  
o f  o u r  p l a n e t ,  a s  w e l l  a s  o t h e r  p l a n e t s ,  c a n  b e  e x a m i n e d .  
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OBSERVATIONS OF NOCTILUCENT CLOUDS AT SMOLENSK I N  1959-1961 

B.S.  Mamontov 

A B S T R A C T :  T h i s  a r t i c Z e  g i v e s  a d e s c r i p t i o n  o f  
t h e  o b s e r v a t i o n s  o f  n o c t i Z u c e n t  cZouds a t  
SmoZensk i n  1 9 5 9 - 1 9 6 1 .  No r e Z a t i o n s h i p  was 
found  be tween  t h e  appearances  o f  n o c t i Z u c e n t  
cZouds and t h e  me teoro  ZogicaZ phenomena. I t  
was concZuded t h a t  o b s e r v a t i o n s  shouZd b e g i n  i n  
A p r i Z  and end i n  Sep tember ,  s i n c e  advantageous  
c o n d i t i o n s  f o r  t h e  appearance o f  n o c t i Z u c e n t  
cZouds occur  d u r i n g  t h e s e  t i m e s .  

The S m o l e n s k  d i v i s i o n  o f  t h e  A l l - U n i o n  A s t r o n o m i c a l  a n d  / l o 2  
G e o d e t i c  S o c i e t y  b e g a n  r e g u l a r  o b s e r v a t i o n s  o f  n o c t i l u c e n t  c l o u d s  
i n  1 9 5 9 .  The o b s e r v a t i o n s  were c o n d u c t e d  a c c o r d i n g  t o  t h e  i n s t r u c -  
t i o n s  f o r  o b s e r v a t i o n s  o f  n o c t i l u c e n t  c l o u d s  i n  t h e  f o l l o w i n g  p r o -  
g r a m :  

(1) R e c o r d i n g  t h e  a p p e a r a n c e s  o f  n o c t i l u c e n t  c l o u d s ,  

( 2 )  D e t e r m i n i n g  t h e  s e a s o n a l  a n d  t i m e  f o r  a p p e a r a n c e s  o f  
n o c t i l u c e n t  c l o u d s ,  

( 3 )  O b t a i n i n g  p h o t o g r a p h s ,  

( 4 )  T h e o d o l i t e  o b s e r v a t i o n s .  

The F E D - 2  c a m e r a s ,  w i t h  o b j e c t i v e s  " I n d u s t a r - 5 0 "  ( 1 : 3 . 5 )  a n d  
" I n d u s t a r  26-M" ( 1 : 2 . 8 ) ,  a n d  a T T - 5 0  t h e o d o l i t e  were u s e d  f o r  t h e  
o b s e r v a t i o n s .  

The o b s e r v a t i o n s  b e g a n  o n  J u n e  2 8 ,  1 9 5 9 ,  when t h e  f i r s t  a p p e a r -  / l o 3  
a n c e  o f  n o c t i l u c e n t  c l o u d s  w a s  r e c o r d e d  f r o m  2 2 1 5  t o  2310 i n  t h e  
f o r m  o f  d i f f u s e  b a n d s  o f  t h e  T y p e s  I a n d  11-a,  w i t h  a b r i g h t n e s s  2 
( i n  t h e  f i v e - n u m b e r  s c a l e ) .  T h r e e  o f  t h e  e i g h t  a p p e a r a n c e s  o f  n o c -  
t i l u c e n t  c l o u d s  i n  J u l y ,  1 9 5 9  w e r e  o f  maximum b r i g h t n e s s  ( 5 ) .  

The n o c t i l u c e n t  c l o u d s  w i t h  a b r i g h t n e s s  o f  5 w e r e  o b s e r v e d  
o n  J u l y  7 ;  t h e y  b e g a n  t o  a p p e a r  a t  0 1 0 0 .  A l m o s t  a l l  t h e  m o r p h o -  
l o g i c a l  f o r m s  were  p r e s e n t :  I ,  11-a ,  1 1 1 - b y  I V - a ,  IV-b. The n o c -  
t i l u c e n t  c l o u d s  d e v e l o p e d  v e r y  r a p i d l y ,  r e o r g a n i z i n g  f r o m  o n e  
s h a p e  t o  o t h e r s .  A t  0 3 4 5 ,  t h e  n o c t i l u c e n t  c l o u d s  c e a s e d  t o  b e  v i s -  
i b l e  a g a i n s t  t h e  b a c k g r o u n d  o f  t h e  s k y ,  w h i c h  w a s  g r o w i n g  l i g h t .  

On t h e  n i g h t  o f  J u l y  10-11, t h e  n o c t i l u c e n t  c l o u d s  o b s e r v e d  
f r o m  2 2 4 5  t o  0 2 3 5  h a d  a b r i g h t n e s s  o f  5.  The c l o u d s  n o t e d  a t  t h e  
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n o r t h e a s t  h a d  a b r i g h t n e s s  o f  2 ,  a n d  w e r e  o f  Type  1 1 - b .  T h i s  g r o u p  
l a s t e d  u n t i l  2 3 3 0 .  A t  2 3 4 5 ,  a v e i l  a p p e a r e d  i n  t h e  n o r t h e a s t ;  
t h e  v e i l  d e v e l o p e d  r a p i d l y  t o g e t h e r  w i t h  t h e  f i r s t  g r o u p .  B o t h  
s e c t i o n s  o f  n o c t i l u c e n t  c l o u d s  s h i f t e d  a l o n g  t h e  h o r i z o n  f r o m  t h e  
n o r t h e a s t e r n  p a r t  o f  t h e  s k y  t o w a r d  t h e  n o r t h w e s t  ( f r o m  r i g h t  t o  
l e f t ) .  The l e f t - h a n d  g r o u p  o f  n o c t i l u c e n t  c l o u d s ,  h a v i n g  g o n e  b e -  
y o n d  t h e  l i m i t s  o f  t h e  t w i l i g h t  s e g m e n t ,  d i s a p p e a r e d  a t  0 0 4 5 ,  w h i l e  
t h e  r i g h t - h a n d  g r o u p  o f  c l o u d s  h a d  r e a c h e d  maximum b r i g h t n e s s  by  
t h a t  t i m e ,  s h i f t e d  t o w a r d  t h e  n o r t h w e s t e r n  p a r t  o f  t h e  t w i l i g h t  s e g -  
m e n t ,  a n d  became  t h e  p r i n c i p a l  g r o u p  o f  n o c t i l u c e n t  c l o u d s .  By 
0 2 3 5 ,  t h e y  c e a s e d  t o  b e  v i s i b l e  a g a i n s t  t h e  b a c k g r o u n d  o f  t h e  s k y .  
M o r p h o l o g i c a l  t y p e s  I ,  1 1 - a ,  1 1 - b ,  a n d  1 1 1 - b  were  p r e s e n t .  

A t  2 3 5 0 ,  t w o  s e g m e n t s  o f  a v e i l  w i t h  a b r i g h t n e s s  o f  1 w e r e  
f o r m e d  a t  t h e  n o r t h e a s t e r n  p a r t  o f  t h e  b a n d  w h i c h  h a d  d i s a p p e a r e d ;  
by  2 3 5 5 ,  t h e y  h a d  g r o w n  i n t o  a g e n e r a l  b a n k  f r o m  C a s s i o p e i a  t o  t h e  
N o r t h e r n  C r o s s ,  a n d  b y  0 0 0 3 ,  t h e  e n t i r e  b a n k  h a d  s h i f t e r  by l o o  
f r o m  C a s s i o p e i a  t o  A l t a i r .  By 0 0 0 6 ,  t h e  v e i l  h a d  become i n s i g n i f -  
i c a n t  a g a i n s t  t h e  b a c k g r o u n d  o f  t h e  M i l k y  Way. T w e n t y - s i x  n e g a t i v e s  
o f  n o c t i l u c e n t  c l o u d s  were o b t a i n e d  t h a t  n i g h t  o n  a n  i s o p a n c h r o m a t i c  
f i l m  o f  250  u n i t s  ( A l l - U n i o n  S t a t e  S t a n d a r d )  ( F i g .  1). 

B r i g h t  c l o u d s  ( b r i g h t n e s s  5 )  were a l s o  o b s e r v e d  on t h e  n i g h t  
o f  J u l y  1 3 - 1 4 ,  1 9 5 9 .  They  l a s t e d  f r o m  2 2 5 0  t o  0 3 0 0 .  M o r p h o l o g i c a l  
t y p e s  I ,  11-a,  1 1 - b ,  111-a,  1 1 1 - b ,  111-c,  a n d  I V - a  w e r e  p r e s e n t .  
B e f o r e  m i d n i g h t ,  t h e  n o c t i l u c e n t  c l o u d s  moved f r o m  t h e  r i g h t  t o  t h e  
l e f t ;  a f t e r  m i d n i g h t ,  t h e y  b e g a n  t o  move f r o m  t h e  l e f t  t o  t h e  r i g h t .  
T h i r t y - o n e  n e g a t i v e s  were o b t a i n e d  o n  a n  i s o p a n c h r o m a t i c  f i l m  o f  
250  u n i t s  ( A l l - U n i o n  S t a t e  S t a n d a r d )  ( F i g .  2 ) .  

S i x  n e g a t i v e s  o f  n o c t i l u c e n t  c l o u d s  w e r e  o b t a i n e d  f o r  t h e  
n i g h t  o f  J u l y  1 4 - 1 5 .  No n o c t i l u c e n t  c l o u d s  w e r e  r e c o r d e d  i n  A u g u s t ,  
1 9 5 9 .  The r e s u l t s  o f  t h e  o b s e r v a t i o n s  i n  1 9 5 9  a r e  shown i n  T a b l e  1. 

I n  1 9 6 0 ,  t h e  o b s e r v a t i o n s  o f  n o c t i l u c e n t  c l o u d s  were b e g u n  i n  
May, b u t  t h e  f i r s t  a p p e a r a n c e  o f  n o c t i l u c e n t  c l o u d s  were r e c o r d e d  
o n  J u n e  3 0 .  The c l o u d s  h a d  a b r i g h t n e s s  o f  2 ,  a n d  were f o u n d  i n  
t h e  f o r m  o f  p a r a l l e l  1 1 1 - b  b a n d s ;  t h e y  l a s t e d  f r o m  0 0 1 0  t o  0040 .  
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25-29 J u n  
2-3 J u l  
5-G 
G-7 

10-1 1 
.11--12 
13-14 

20-21 
14-15 

F i g .  1. N o c t i l u c e n t  C l o u d s  a t  S m o l e n s k  o n  J u n e  10-11, 1 9 5 9 ,  
a t  0 0 2 9 .  E x p o s u r e  T i m e ,  4 5  s e c .  FED-2. " I n d u s t a r - 5 0 " ,  

1 : 3 . 5 .  A = 140-180°. Photo by t h e  A u t h o r .  

22 hr15minxj h r l o m i n  2 
2 3  50 00 50 2 
23 20 23 45 2 
1 00 3 45 5 

23 50 2 35 5 
23 45 0 20 1 
22 50 3 00 5 

22 20 0 30 2 
22 15 3 00 3 

T A B L E  1. OBSERVATIONS OF 1 9 5 9  

[I] 
[I] 

S t r u c t u r e  
. ___  ~ .. ~ .. ~ ~ 

I, 11-a 
I, 11-a, rv-b, 

I,  11-b, III- ib ,  IV-0 
1V-Jb 
I, II-c?, 11-b, I I I - - l b  
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Fig. 2. Noctilucent Clouds at Smolensk on July 13-14, 1 9 5 9 .  
Time, 0000; Exposure, 15 sec; FED-2; "Industar-50", 1:3.5; 

A = 140-180°. Photo by the Author. 

There were few advantageous nights for observations in July 
and August, because of the cloudy and inclement weather. The 
weather was clear in September, and 3(!) appearances of noctilucent 
clouds were recorded from September 13 to 30 (on the nights of 
September 17-18, 1 8 - 1 9 ,  and 1 9 - 2 0 ) .  On the night of September 1 8 -  
1 9 ,  the photographs of noctilucent clouds were madem "Isopan F" film 
( 9 0  units, All-Union State Standard); 2 8  negatives were obtained, 
but we could distinguish only 10 noctilucent clouds. 

All the noctilucent clouds observed in September, 1 9 6 0  were 
no brighter than 3. They were of morphol.ogica1 types I, 11-a, and 
111-a. The air temperature at the Earth's surface dropped to -3OC 
on the nights the clouds appeared. The air pressure was on the 
order of 750 mm Hg for the observation site on the night the noc- 
tilucent clouds appeared. 

All the data concerning the noctilucent clouds observed in 
1 9 6 0  are shown in Table 2. 

The first appearance of noctilucent clouds in 1 9 6 1  was record- 
ed on April 23, from 0340 to 0505; the clouds were of types 1,II-a 
and IV-cy were found in the northern and northeastern parts of the / l o 6  
sky, and had a maximum brightness of 3. 

1 1 8  
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15 S e p  

is-IO 
19 

TABLE 2 .  OBSERVATIONS OF 1 9 6 0  

20 20 20 32 3 4 b l u r r e d  1 1 - a  

'0 00 G 20 3 I ,  11--a 
1 I ,  11--a 20 00 20 35 

b a n d s  

F i g .  3 .  N o c t i l u c e n t  C l o u d s  a t  S m o l e n s k  o n  J u l y  2 0 - 2 1 ,  1 9 6 1 .  
T i m e ,  0 1 0 0 ;  E x p o s u r e ,  3 0  s e c ;  F E D - 2 ;  " I n d u s t a r - 5 0 " ,  1:2.8; 

A = 1 5 5 - 2 1 0 ° ;  P h o t o  by  t h e  A u t h o r .  

I n  i t s  e x t e r n a l  a p p e a r a n c e ,  t h e  p r i n c i p a l  s e c t i o n  o f  t h e  n o c -  
t i l u c e n t  c l o u d s  a t  t h e  n o r t h  r e s e m b l e d  a r a g g e d  p i e c e  o f  f a b r i c .  
I t s  e d g e s  were  b r i g h t e r  t h a n  t h e  p r i n c i p a l  f i e l d ,  a n d  t h e y  d i v e r g e d  
f r o m  t h e  c e n t e r  o f  t h e  f i e l d .  By 0 4 3 0 ,  t h e  c l o u d s  h a d  become f a i n t ,  / l o 7  
a n d  t h e y  r e a c h e d  t h e  z e n i t h  a n d  w e r e  e v e n  f o u n d  b e y o n d  t h e  z e n i t h ,  
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t o w a r d  t h e  s o u t h .  A t  0 5 0 5 ,  t h e  s k y  became  l i g h t ,  a n d  t h e  o b s e r v a -  
t i o n s  w e r e  s t o p p e d .  The w e a t h e r  w a s  c o l d  a n d  s l i g h t l y  w i n d y ,  t h e r e  
w a s  f r o s t  o n  t h e  g r o u n d ,  a n d  t h e  n i g h t  w a s  e x t r e m e l y  c l e a r ;  t h e r e  
were o n l y  t h e  u s u a l  c l o u d s  s o m e w h e r e  o n  t h e  h o r i z o n .  

One a p p e a r a n c e  o f  n o c t i l u c e n t  c l o u d s  w a s  r e c o r d e d  i n  May, o n  
t h e  n i g h t  o f  May 9 - 1 0 ,  f r o m  2 2 0 5  t o  0 1 1 0 .  The b r i g h t n e s s  o f  t h e s e  
c l o u d s  r e a c h e d  3 ,  a n d  m o r p h o l o g i c a l  t y p e s  I a n d  11-a were  f o u n d .  

F i g .  4 .  N o c t i l u c e n t  C l o u d s  a t  S m o l e n s k  o n  J u n e  2 0 - 2 1 ,  1 9 6 1 .  
T i m e ,  0 1 4 1 ;  E x p o s u r e ,  3 0  s e c ;  F E D - 2 ;  " I n d u s t a r - 2 6 - M " ,  1 . 2 . 8 ;  

A = 1 5 5 - 2 1 0 ° .  P h o t o  by t h e  A u t h o r .  

S e v e n  a p p e a r a n c e s  o f  n o c t i l u c e n t  c l o u d s  were r e c o r d e d  i n  J u n e .  
The b r i g h t e s t  c l o u d s  were o b s e r v e d  o n  t h e  n i g h t  o f  J u n e  2 0 - 2 1 ,  f r o m  
2310 t o  0 3 0 0 ;  t h e i r  b r i g h t n e s s  w a s  5 .  The f o l l o w i n g  m o r p h o l o g i c a l  
t y p e s  were p r e s e n t :  I ,  11-a,  1 1 - b ,  1 1 1 - b ,  111-a,  111-c,  a n d  I V - a .  
The n i g h t  w a s  c o l d .  F o r t y - f i v e  f rames  w e r e  t a k e n :  1 0  o n  a n  i s o p a n  
f i l m  o f  250 u n i t s  ( A l l - U n i o n  S t a t e  S t a n d a r d ) ,  a n d  3 5  o n  a n  i s o p a n  
o f  1 8 0  u n i t s  ( F i g u r e s  3 a n d  4 ) .  

N e g a t i v e s  o f  n o c t i l u c e n t  c l o u d s  were a l s o  o b t a i n e d  o n  t h e  
n i g h t s  o f  J u n e  4 ,  5 - 6 ,  6 ,  8 ,  1 4 - 1 5 ,  a n d  1 6 - 1 7 .  On t h e  n i g h t  o f  
J u n e  5 - 6 ,  w e  o b t a i n e d  a s e r i e s  o f  n e g a t i v e s  o f  a "beam" i n  t h e  
s o u t h e r n  p a r t  o f  t h e  s k y ;  i t  a p p e a r e d  t o g e t h e r  w i t h  n o c t i l u c e n t  
c l o u d s ,  a n d  a l s o  when t h e r e  were n o  n o c t i l u c e n t  c l o u d s ,  b u t  a l w a y s  
i n  c l e a r  w e a t h e r .  The c i t y  a n d  v a l l e y  o f  t h e  D n i e p r  R i v e r  were  / l o 8  
i l l u m i n a t e d  o n  t h e  s o u t h e r n  s i d e .  The "beam" w a s  a l s o  o b s e r v e d  
o v e r  t h i s  s i t e .  
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T A B L E  3 .  OBSERVATIONS OF 1 9 6 1  

VI 
VI 
(u 

E 5  - 'Time o f  - 
I I I I r d  Zone  E C  

? P  
-- I I .  .-- 

Date  1 B e g i n  
-- .. 

2:j A p r n  
9-10 May 
r, J u n  
5-ti 

G 

8 
1/1-15 

1G--17 
20-21 

o J u n  
12-13 

1 
0 

2 
4 

4 
I 

> 
I 

3 

1 0 .. 

10 
55 

45 
00 

00 
31) 

30 
00 

15 
I15 

:3 

3 
1 

2 
3 

3 
2 

3 
5 

2 
3 

I ,  I t a ,  IVC 

I,  11-a 
11-a 

I, 11-a 
I ,  11-z! 11-2 
1Vb 
I ,  II,a 
I ,  11-a 

I, l I J 9  11-b 
I ,  1 I . a  11-b 
111-a 111 b. 
I I I - c  Iv-a 
11-a 11-b 
I ,  11-a 11-b 

p e l  Comment 

~~ 

F r o s t  on Ground  
L i g h t  Wind 
" B e a m "  a t  S o u t h  
B a n d s  o f  V e i l  Among 

N o c t i l u c e n t  C l o u d s  
N o c t i l u c e n t  C l o u d s  
V i s i b l e  Among T r a c e s  
f r o m  A i r c r a f t  
N o r m a l  W h i t e  C l o u d s  
a t  Z e n i t h  
C o l d  N i g h t  
Same 

Haze o n  H o r i z c n  

Two a p p e a r a n c e s  o f  n o c t i l u c e n t  c l o u d s  w e r e  r e c o r d e d  i n  J u l y :  
July 9 a n d  12-13. The b r i g h t n e s s  o f  t h e s e  c l o u d s  w e r e  3 .  

I n  A u g u s t ,  t h e  o b s e r v e r  G . T .  V o l ' v a c h e v  r e c o r d e d  t w o  a p p e a r -  
a n c e s  o f  n o c t i l u c e n t  c l o u d s  w i t h  b r i g h t n e s s e s  up t o  2 a n d  T y p e s  I 
a n d  11-a .  

A l l  t h e  d a t a  o n  t h e  o b s e r v a t i o n s  o f  n o c t i l u c e n t  c l o u d s  i n  
1 9 6 1 ,  e x c e p t  t h e  o b s e r v a t i o n s  o f  G . T .  V o l ' v a c h e v ,  a r e  shown i n  
T a b l e  3 .  

A g r e a t  d e a l  o f  d a t a  w a s  a c c u m u l a t e d  d u r i n g  t h e  t h r e e - y e a r  p e -  
r i o d  o f  n o c t i l u c e n t  c l o u d  o b s e r v a t i o n s  f r o m  1 9 5 9 - 1 9 6 1 .  Some o f  
t h e s e  d a t a  a r e  g i v e n  i n  T a b l e  4 a n d  F i g u r e s  5 - 7 .  

A l l  t h e  d a t a  o n  t h e  o b s e r v a t i o n s  o f  n o c t i l u c e n t  c l o u d s  a t  
S m o l e n s k  i n  1 9 5 9 - 1 9 6 1  ( l o g s ,  f i l m s ,  p h o t o g r a p h i c  c h a r t s ,  d e s c r i p -  
t i o n s  o f  t h e  n o c t i l u c e n t  c l o u d s )  were g i v e n  t o  t h e  S p e c i a l  
C o m m i t t e e  o f  t h e  A l l - U n i o n  A s t r o n o m i c a l  a n d  G e o d e t i c  S o c i e t y .  

I n  c o n c l u d i n g  t h e  r e s u l t s ,  w e  c a n  m e n t i o n  t h e  f o l l o w i n g :  
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(1) The maximum o c c u r r e n c e s  o f  n o c t i l u c e n t  c l o u d s  o v e r  
S m o l e n s k  a r e  s e e n  i n  t h e  i n t e r v a l  b e t w e e n  t h e  f i r s t  h a l f  o f  J u n e  
a n d  t h e  f i r s t  h a l f  o f  J u l y .  

( 2 )  D u r i n g  d i f f e r e n t  y e a r s ,  t h e  maximum o c c u r r e n c e s  o f  n o c t i -  
l u c e n t  c l o u d s  a r e  s e e n ,  n o t  o n l y  a t  d i f f e r e n t  d a y s  o f  t h e  m o n t h ,  
b u t  a l s o  i n  d i f f e r e n t  m o n t h s .  

ie - 
9 -  

8 -  

7 -  

8 -  

5 -  

4 -  

3 -  

2 -  

1 -  

m o n t h s  

F i g .  5 .  D i s t r i b u t i o n  of  
t h e  Number o f  A p p e a r a n c e s  
o f  N o c t i l u c e n t  C l o u d s  ( n )  
a t  S m o l e n s k  by  M o n t h s ,  
f o r  1 9 5 9 - 1 9 5 1 .  (1) A l l  
Cases o f  A p p e a r a n c e s  
( I n c l u d i n g  D o u b t f u l  
O n e s ) ;  ( 2 )  A l l  R e l i a b l e  
Cases  o f  A p p e a r a n c e s ;  
( 3 )  A p p e a r a n c e s  d u r i n g  
1 9 5 9 ;  ( 4 )  A p p e a r a n c e s  
d u r i n g  1 9 6 1 .  

F i g .  6 .  R e l a t i o n s h i p  
b e t w e e n  t h e  D u r a t i o n  
o f  t h e  N o c t i l u c e n t  
C l o u d s  a n d  t h e  D a t e  
o f  T h e i r  A p p e a r a n c e s  
i n  1 9 5 9 ,  a t  S m o l e n s k .  

Moscow T i m e .  

12 2 



T A B L E  4 .  D A T A  C O N C E R N I N G  THE OBSERVATIONS OF N O C T I L U C E N T  CLOUDS 
A T  SMOLENSK FOR 1 9 5 9 - 1 9 6 1  

cases  

2 
2 
8 
3 
2 

Month  

A p r i  1 
May 
June  
J u l y  
A u g u s t  
S e p t e m b e r  
F o r  E n t i r e  

Y e a r  

c a s e s  

1 3 
1 2 
9 10 

10 1 1  
1 3 

3 1 9 6 1  1 9 5 9 -  1961  

No. of A p p e a r a n c e s  N o c t i l u c e n t  I T o t a l  No. of 
c 1  

7 T p G T  

T 10 4 

J d s  I A p p e a r a n c e s  
a l l  ( R e 1  I a l l  I Re1 a l l  

5 5 1 0 1 0  I 
3 4  7 112 I 1 7  I 2 5  

N o t e :  The d a s h e s  i n d i c a t e  t h a t  t h e r e  w e r e  n o  o b s e r v a t i o n s  
d u r i n g  t h e  m o n t h  i n  q u e s t i o n .  

The f o l l o w i n g  d a t a  g i v e  a n  e x a m p l e  o f  t h i s :  i n  1 9 5 9 ,  t h e  m a x i -  /110 
mum o c c u r r e n c e s  o f  n o c t i l u c e n t  c l o u d s  w e r e  s e e n  d u r i n g  t h e  f i r s t  

F i g .  7 .  R e l a t i o n s h i p  b e t w e e n  
t h e  D u r a t i o n  o f  t h e  N o c t i l u -  
c e n t  C l o u d s  a n d  t h e  Date o f  
T h e i r  A p p e a r a n c e s  i n  1 9 5 9 ,  a t  
S m o l e n s k .  

Moscow T i m e .  

I 1 . 1  1 . 1 .  1 - 1  I J 1 . L L I - l  1 I I. 1 I L 1 . U  
5 IO 15 2025 5 101520Z5n 5 IO I5 2025 YU 5 IO 15 202SmI 

1Y V 
m o n t h s  
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h a l f  o f  J u l y ;  i n  1 9 6 1 ,  t h e y  were  s e e n  d u r i n g  t h e  f i r s t  h a l f  o f  
J u n e  ( s e e  F i g u r e s  5 - 7 ) .  

( 3 )  I t  i s  c o r r e c t  t o  a s s u m e  t h a t  t h e  m o s t  i n t e n s i v e  a p p e a r -  
a n c e s  o f  n o c t i l u c e n t  c l o u d s  c a n  b e  o b s e r v e d  a f t e r  t h e  t e m p e r a t u r e  
h a s  c e a s e d  t o  i n c r e a s e .  D u r i n g  s u c h  n i g h t s ,  t h e  t w i l i g h t  s e g m e n t  
s h o u l d  b e  o b s e r v e d  m o s t  c a r e f u l l y ,  s i n c e  b r i g h t  n o c t i l u c e n t  c l o u d s  
w i t h  a c o m p l e x  s t r u c t u r e  a r e  o f t e n  n o t e d  a f t e r  n i g h t s  when t h e r e  
a r e  n o  n o c t i l u c e n t  c l o u d s .  

( 4 )  I t  w a s  n o t e d  t h a t  o n  t h e  n i g h t s  f o l l o w i n g  t h e  a p p e a r a n c e  
o f  b r i g h t  n o c t i l u c e n t  c l o u d s ,  o t h e r  n o c t i l u c e n t  c l o u d s  a p p e a r  whose  
i n t e n s i t y  d e c r e a s e s  f r o m  n i g h t  t o  n i g h t .  We c a n  a l s o  h a v e  t h e  o p -  
p o s i t e  p i c t u r e :  b r i g h t  c l o u d s  p r e c e d e  f a i n t  n o c t i l u c e n t  c l o u d s  by  

o f  T y p e s  I a n d  11-a ,  a n d  a r e  v e r y  s t a b l e  i n  t i m e .  T h i s  l e a d s  u s  t o  
t h i n k  t h a t  n o c t i l u c e n t  c l o u d s  c a n  e x i s t  a r a t h e r  l o n g  t i m e ,  o n  t h e  
o r d e r  o f  s e v e r a l  d a y s .  

o n e  or two  w e e k s .  The s u b s e q u e n t  n o c t i l u c e n t  c l o u d s  a r e  u s u a l l y  /111 

( 5 )  T h e r e  w a s  no  r e l a t i o n s h i p  o b s e r v e d  b e t w e e n  t h e  a p p e a r -  
a n c e s  o f  n o c t i l u c e n t  c l o u d s  a n d  m e t e o r o l o g i c a l  p h e n o m e n a .  H o w e v e r ,  
we s h o u l d  n o t e  t h a t  t h e  n o c t i l u c e n t  c l o u d s  o b s e r v e d  i n  S e p t e m b e r ,  
1 9 6 0  w e r e  a c c o m p a n i e d  b y  i n c r e a s e d  a t m o s p h e r i c  p r e s s u r e ,  on t h e  
o r d e r  o f  7 6 0  mm Hg ( 7 5 0  i s  n o r m a l  f o r  S m o l e n s k ) .  

( 6 )  O b s e r v a t i o n s  o f  n o c t i l u c e n t  c l o u d s  s h o u l d  b e g i n  i n  A p r i l  
a n d  e n d  i n  S e p t e m b e r ,  s i n c e - t h e r e  a r e  some a d v a n t a g e o u s  c o n d i t i o n s  
( w h i c h  we s t i l l  h a v e  n o t  d e f i n e d )  f o r  n o c t i l u c e n t  c l o u d s  b o t h  i n  
A p r i l  a n d  i n  S e p t e m b e r .  Maximum a t t e n t i o n  s h o u l d  b e  g i v e n  t o  t h e  
o b s e r v a t i o n s  i n  J u n e  a n d  J u l y .  
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O B S E R V A T I O N S  O F  N O C T I L U C E N T  C L O U D S  A T  R Y A Z A N  I N  1961 

Ye.Ye. A r t e m k i n  a n d  V.I. K u r y s h e v  

A B S T R A C T :  The a u t h o r s  of t h i s  a r t i c 2 e  d i s c u s s  
t h e  t h r e e  c a s e s  when n o c t i 2 u c e n t  c2ouds  were 
o b s e r v e d  o v e r  Ryazan i n  2 9 6 2 .  

In 1961, three cases of appearances of noctilucent clouds were /111 
recorded at Ryazan: on June 20, July 3, and July 28. 

The observations were conducted at the observation area of the 
Ryazan Optical Station by Ye.Ye. Artemkin, V.I. Kuryshev, Ye.B. 
Gusev, T.A. Savost'yanova, and others. The instruments were com- 
manderls zenith telescopes. 

The noctilucent clouds of June 20 were observed from 2030 to 
2315 Universal Time. The general brightness of the clouds did not 
exceed brightness 1 (in the five-number brightness scale), although 
single formations were brighter (up to 2). The structure of the 
clouds was not clear; a veil predominated, and there were single 
bands and waves. The clouds changed structure rapidly: at 2200, 
the clouds had the characteristic structure of crests, and sharp 
bands in the form of streams could be distinguished. The sky was 
clear (cloudless), and there was no moon. It was very cold on the 
evening of this night. The results of the observations are shown 
in Table 1. 

The clouds of July 3 were observed from 2020 to 2306. The /112 
noctilucent clouds were observed in the form of bands, waves, and 
streams. The veil was not very clear, but the bands, eddies, and 
crests were sharply distinguished. The clouds changed their struc- 
ture rapidly, and the clearly outlined structures eventually be- 
came blurred formations and veils. The brightness of the clouds 
did not exceed 1-1.5, and the atmospheric temperature was no greater 
than +14OC. Single bands of noctilucent clouds disappeared, 
"melting" before our eyes, at 2306. 

The results of the observations are given in Table 2. 
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T A B L E  1. 

U n i v e r s a l  
T i m e  

2 1  h 0 0  m 

2 1  h 30 m 

22  h 0 0  m 

22 h 1 0  m 

22 h 20 m 

22 h 25 m 

22  h 40 m 

22 h 45 m 

22  h 55  m 

2 3  h 02  m 

23  h 1 5  m 

B r i g h t -  
n e s s  ( 5 -  
s c a l e  
u n i t )  

1 

1 . 5  

1 . 5  

1 . 5  

2 

2 

I 

1 . 2  

A z i m u t h s  a n d  H e i g h t s  
o f  C h a r a c t e r i s t i c  
F o r m a t i o n s  

- .  
~~ 

.. . ~ 

h =03O36 '  max 
A=163O 
E x t e n t :  
A=141°  , h = 4 O 4 8 '  
A=218O24 '  , h = 0 0 ° 3 6 '  

Upper  B o u n d a r y  
A=187O05 '  , h = 3 0 ° 2 9 '  

A=151°  ,h=O4O12 
A = 1 5 g 0 4 6 '  , h = 0 4 O 4 8 '  

A=177O36 , h = 3 6 O 1 4 '  
A=185O46 '  , h = 3 0 ° 2 9 '  

A=145O48 '  , h = 4 2 O 2 2 '  

A=169O12 '  , h = 5 4 O 2 9 '  
A=180°  ,h=48O29 

A = 1 6 g 0 1 2  l , h = 6 0 °  
A=177O14 '  , h = 5 4 O 1 4 '  

1 

Ob s e r v e d  
S t r u c t  u- 
r a l  T y p e s  

V e i l  

1 , I I - a ,  

11-a ,  
111-a 

1 1 - b  

11-a,  
111-a, 
111-c 

Nar row 
Band 

1 1 - a , I I - b  
111-a 

111-a,  
1 1 1 - b  

11-a ,  
P a t c h e s  

I I - a  , I  I - b  

D i s l o c a t i o n ,  
C o l o r  , D e t a i l s ,  
O b s e r v a t i o n  
C o n d i t i o n s .  

Maximum B r i g h t -  
n e s s  

S i n g l e  Nar row 
Band 

R a p i d l y  Chang-  
i n g  S t r u c t u r e  

S t a r s  up  t o  
m=5-6 S e e n  i n  
C Z T  

A b s o l u t e l y  C l e a r  
a n d  M o o n l e s s  
N i g h t  

C l e a r l y  O u t l i n e d  
Nar row Arcs o f  
2 - 5 '  , S t r e a m s ,  
Bands  a t  h = 4 O 1 2 ' -  
4O48'  

B l u i s h  N o c t i l u -  
c e n t  C l o u d s  

C l e a r l y  O u t l i n e d ,  
Wavy, Y e l l o w i s h -  
B l u e  S t r u c t u r e  

S i n g l e  Bands  Dis- 
a p p e a r  , Waves 
Become Vague 
P a t c h e s  

C l o u d s  A s c e n d ,  
B l u i s h - W h i t e  
C o l o r  

One b l u r r e d  b l u i s h - w h i t e  b a n d  r e m a i n e d ;  i t  l o s t  i t s  
s t r u c t u r e  r a p i d l y  

C l o u d s  d i s a p p e a r e d  e n t i r e l y  
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T A B L E  2 .  

B r i g h t -  
n e s s  ( 5 -  
s c a l e  
u n i t )  

1 

1 

1 

1 . 5  

1 
<1 

<1 

C l o u d s  

/ 1 1 3  

A z i m u t h s  a n d  H e i g h t s  O b s e r v e d  D i s l o c a t i o n ,  
of  C h a r a c t e r i s t i c  S t r u c t u r a l  C o l o r ,  D e t a i l s ,  
F o r m a t i o n s  T y p e s  O b s e r v a t i o n  

C o n d i t i o n s .  

Maximum B r i g h t n e s s  1 1 - a , I I I - b  S t a r s  o f  m=5-6 
A=171°  , h = 0 7 O 1 2 '  S e e n  T h r o u g h  

M e a s u r e m e n t s  o f  a Moving Toward  
B r i g h t  Band t h e  West 
A=156O , h = 0 4 ° 1 2 1  
A=192O ,h=06O 
A=178O48 '  , h = 3 0 °  
U p p e r  B o u n d a r y Y h = 5 4 O  1 1 1 - c , I I - b  U n c l e a r  V e i l  

C l o u d s  

1 1 - b , I I - a ,  V e i l  P r e d o m i -  
I n a t e s  
1 1 - a , I I - b  
1 1 - a , I i I - a  B l u i s h - W h i t e  

C o l o r  
Band W i d t h  o f  5 - 7 '  1 1 - a , I I I - a  B l u r r e d ,  U n c l e a r  
A=145O12 '  , h = 1 0 ° 1 2 '  I S t r u c t u r e  
A=165O58 '  , h = 1 0 ° 4 8 '  

a s c e n d e d  h i g h e r  a n d  l o s t  t h e i r  b r i g h t n e s s  , t h e r e  

U n i v e r s a l  
T i m e  

a r a t e  o f  1 - 2 '  p e r  s e c o n d .  
<1 A = 1 9  3O12 , h = 2 1 °  1 1 - a , I I I - b  

<1 1 1 - b , I I - a  
I ,  1 1 - a ,  
1 1 1 - b  

<1 Narrow S t r e a m  1 1 - a , I I - b  

<1 I , I I - a ,  

0 . 5  11-a 

A = 1 7 1 ° 5 8 '  , h = 0 8 ° 1 0  ' 
111-a 

0 . 5  A=185O24 '  ,h=llO1l' 1 1 - a , I I I - a  
U p p e r  B o u n d a r y  

C l o u d s  f r o m  a l o w e r  l e v e l  f l o a t i n g  up  

20 h 2 0  m 

Very  weak e m i s -  
s i o n  o f  a p h o s -  
p h o r e s c e n t  b l u e  
l i g h t  
T e m p e r a t u r e  o f  
14O. The  1 1 - b  
s t r u c t u r e  p r e -  
d o m i n a t e s  a l o n g  
t h e  h o r i z o n  a n d  
a b o v e .  S t a r s  
s e e n  t h r o u g h  
c l o u d s .  
B l u r r e d  f o r m a -  
t i o n s  

S i n g l e  Bands  
S h i f t  Upwards  
a n d  L o s e  
B r i g h t n e s s  
C l e a r l y  O u t l i n e d  
Bands  , R i p p l e ,  

Waves 
' C r e s t s  , S m a l l  

20 h 35 m 

20 h 50 m 

2 1  h 0 4  m 

2 1  h 1 2  m 
1 2  h 25  m 

2 1  h 30 m 

2 1  h 45 m 

22 h 1 3  m 

22  h 1 5  m 

22 h 2 3  m 

22  h 2 6  m 

22  h 37 m 

22  h 38  m 

22 h 45 m 
22 h 50 m 

22  h 58  m 
2 3  h 0 6  m 



O B S E R V A T I O N S  O F  N O C T I L U C E N T  C L O U D S  A T  R Y A Z A N  I N  1962 

Ye.Ye. A r t e m k i n  

A b s t r a c t :  The a u t h o r  d i s c u s s e s  e i g h t  c a s e s  when 
n o c t i Z u c e n t  cZouds were o b s e r v e d ,  i n  c o n j u n c t i o n  
w i t h  o b s e r v a t i o n s  of a r t i f i c i a 2  E a r t h  s a t e  2 Z i t e s ,  
o v e r  Ryazan i n  2 9 6 2 .  

The o b s e r v a t i o n s  o f  n o c t i l u c e n t  c l o u d s  a t  R y a z a n  w e r e  c o n d u c t -  /114 
e d  i n  1 9 6 2  by  t h i s  a u t h o r  f r o m  t h e  o b s e r v a t i o n  a r e a  o f  t h e  O p t i c a l  
S t a t i o n ,  i n  c o n j u n c t i o n  w i t h  o b s e r v a t i o n s  o f  a r t i f i c i a l  E a r t h  s a t -  
e l l i t e s .  A s  a r e s u l t  o f  t h e  i n c i d e n t a l  o b s e r v a t i o n s  o f  t h e  t w i l i g h t  
s k y  ( t o g e t h e r  w i t h  o b s e r v a t i o n s  o f  a r t i f i c i a l  E a r t h  s a t e l l i t e s ) ,  
e i g h t  ca ses  o f  a p p e a r a n c e s  o f  n o c t i l u c e n t  c l o u d s  were r e c o r d e d .  A 
b r i e f  d e s c r i p t i o n  o f  t h e  phenomena  o b s e r v e d  i s  g i v e n  b e l o w .  

On J u l y  1 1 - 1 2 ,  n o c t i l u c e n t  c l o u d s ,  i n  t h e  f o r m  o f  s i n g l e  b a n d s ,  
were f o u n d  a t  2 3 3 5 .  The b r i g h t n e s s  of t h e  c l o u d s ,  w h i c h  w a s  1 a t  
t h e  b e g i n n i n g ,  i n c r e a s e d  g r a d u a l l y :  a t  2 3 5 0 ,  i t  r e a c h e d  3 .  S u b s e -  
q u e n t l y ,  t h e  b r i g h t n e s s  b e g a n  t o  d e c r e a s e ,  a n d  f o l d s  a n d  s t r e a m s  
a p p e a r e d  i n  t h e  s t r u c t u r e .  A f t e r  0 0 3 0 ,  t h e r e  w e r e  s i n g l e  b r i g h t  
( s c a l e  2 . 5 )  b a n d s  w h i c h  g r a d u a l l y  d e c r e a s e d  i n  b r i g h t n e s s  down t o  
1 . 5  ( a t  0 1 0 0 ) .  D u r i n g  t h i s  t i m e ,  t h e  c l o u d s  h a d  a w e l l  d e v e l o p e d  
s t r u c t u r e ,  s t a n d i n g  o u t  a g a i n s t  t h e  b a c k g r o u n d  o f  t h e  t w i l i g h t  s e c -  
t o r  i n  t h e  form o f  i n d i v i d u a l  s t e a m s ,  b a n d s ,  a n d  f o l d s .  A f t e r  0 1 0 0 ,  
t h e  s t r e a m s  b e g a n  t o  l o s e  t h e i r  c l e a r l y  o u t l i n e d  s h a p e ,  r a p i d l y  d e -  
c r e a s i n g  i n  b r i g h t n e s s  a n d  a c q u i r i n g  a w a v e - s h a p e d  b l u r r e d  s t r u c -  
t u r e .  The s t a r s  w e r e  s e e n  v e r y  c l e a r l y  t h r o u g h  t h e  c l o u d s .  A t  
0 1 3 0 ,  t h e  l a s t  s i g n s  o f  s i n g l e  b l u r r e d  b a n d s  d i s a p p e a r e d ,  b u t  a 
s t r e a m  a r o s e  w i t h  a b r i g h t n e s s  up t o  1 . 5  ( A  = 2 0 0 ° ,  h = 6 O ) .  T h i s  
s t r e a m  g r a d u a l l y  b e c a m e  w e a k e r  a n d  d i s a p p e a r e d  a t  0 2 0 7 .  

On J u n e  18-19, n o c t i l u c e n t  c l o u d s  were d i s c o v e r e d  a t  2300  a t  
t h e  b o u n d a r y  o f  t h e  t w i l i g h t  s e g m e n t ,  a t  a n  a l t i t u d e  o f  10 -15O.  
T h e s e  c l o u d s  w e r e  m o v i n g  r a p i d l y  u p w a r d  a n d  t o w a r d  t h e  s o u t h w e s t .  
A t  a n  a l t i t u d e  o f  20-25O, t h e  c l o u d s  h a d  a maximum b r i g h t n e s s  o f  
3 ( a t  000). S u b s e q u e n t l y ,  t h e y  b e g a n  t o  become  w e a k e r  a n d  s e e m e d  
t o  m e l t  a t  a n  a l t i t u d e  o f  30-35O. T h e r e  w a s  n o  c l e a r l y  o u t l i n e d  
s t r u c t u r e .  The c l o u d s  r e s e m b l e d  b a n d s ;  a f t e r  m i d n i g h t ,  o n l y  s i n g l e  
p a t c h e s  r e m a i n e d  d i s t i n g u i s h a b l e  u n t i l  0 0 2 5 .  The s t a r s  w e r e  s e e n  
v e r y  c l e a r l y  t h r o u g h  t h e  c l o u d s .  

On J u n e  2 0 ,  a s i n g l e  b a n d  w i t h  a b r i g h t n e s s  u p  t o  2 was o b -  
s e r v e d  a t  a n  a l t i t u d e  o f  30° a t  t h e  b o u n d a r y  o f  t h e  t w i l i g h t  s e c -  
t o r  a t  2 3 3 0 .  I t  d i s a p p e a r e d  s h o r t l y  a f t e r  m i d n i g h t .  
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On July 1-2, noctilucent clouds in the form of crests, waves 
and bands with brightnesses of 2-3 were detected at 2240. The 
stars were seen very clearly through them. A small ripple was seen 
at an altitude of 12-30°. At 2325, a small dark cloud from a lower 
level was formed against the background of the noctilucent clouds; 
it disappeared within 5 minutes. During this time, the noctilucent 
clouds had a clearly outlined structure of waves, bands, and crests; /115 
their brightness was greater than 4 at certain moments. Vortices, 
waves, folds, and a clearly distinguishable small ripple were vis- 
ible along the edges of the principal field of noctilucent clouds. 
At 2350, the brightness of the clouds decreased to 3.5, and their 
shift toward the west was significant. At 0010, the clouds had a 
billowed structure, and sharp bands were observed. The clouds had 
lost a great deal of brightness by 0020. The central bright cloud 
moved rapidly toward the west and downward, toward the horizon, 
around 0045. At 0050, the brightness of the clouds at A = 156O36' 
and h= 5O24' was greater than that of the surrounding bands. Single 
crests and waves were developing there. The principal mass of the 
clouds had disappeared beyond the horizon by that time. The bright- 
ness contrast in the northwest increased with an increase of the 
twilight segment: the brightness of the clouds there became greater, 
in comparison to their principal mass. At 0130, the brightness of 
the clouds was less than 1, the structure was barely visible to the 
naked eye, and only single streams were visible in the commander's 
zenith telescope (CZT). A field of crests was seen in the CZT for 
A = 138O and h = 4O48' in the sky which was growing light, and 
clearly outlined bands, among which there were blurred bands, could 
be distinguished. The clouds were clearly distinguishable in the 
CZT, in the form of phosphorescent white bands, against the back- 
ground of the twilight s k y .  At 0144, the twilight segment became 
very light, and the brightness of the clouds was less than 1. at 
0215, the last signs of noctilucent clouds disappeared. 

On July 4, cellular waves (like balls of cotton) were detected 
at the horizon at 0155; their brightness was not determined. At 
0155, the clouds had the structure of bands, patches and waves 
whose brightness of 1-2 rapidly decreased. At 0200, the clear sky 
was preserved only in the twilight segment: clouds from a lower 
level were floating in from the south. At 0205, the structure of 
the clouds was less clear, and their brightness of about 1 also de- 
creased greatly. By 0220, the clouds had become much fainter: 
single bands were found only with the aid of binoculars. The de- 
crease of the brightness and the disappearance of clouds started 
noticeably from above and from the northeast. At 0230, the e'ntire 
sky was already covered with cumulus clouds; on the other hand, it 
is more probable that the noctilucent clouds had disappeared between 
0220 and 0230, and were not covered by clouds of a lower level. 

On July 4, a weak luminous streak was seen at 2230, almost at 
the edge of the twilight segment. At 2320, the twilight segment 
was covered with clouds at a lower layer, but we could find no signs 
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o f  n o c t i l u c e n t  c l o u d s  a t  0 0 0 0 ,  when t h e  s k y  w a s  e n t i r e l y  c l e a r .  

On A u g u s t  5 ,  n o c t i l u c e n t  c l o u d s  i n  t h e  f o r m  o f  w r i n k l e d  f o r m a -  
t i o n s  w i t h  a n o n - h o m o g e n e o u s  u p p e r  b o r d e r  o f  a l u m i n e s c e n t  c o l o r  
were d e t e c t e d  a t  t h e  w e s t  a t  2 3 0 0 .  T h e i r  b r i g h t n e s s  w a s  e v a l u a t e d  
a t  2 .  The c l o u d s  s h i f t e d  t o w a r d  t h e  s o u t h w e s t  a n d  t h e i r  w r i n k l e s  / 1 1 6  
s m o o t h e d  o u t .  T h e y  l o s t  t h e i r  s t r u c t u r e ,  a n d  r a p i d l y  t o o k  o n  t h e  
a p p e a r a n c e  o f  a v e i l .  Some o f  t h e  w r i n k l e s  f a n n e d  o u t  f r o m  t h e  
c e n t r a l  c l o u d .  The h e i g h t  o f  t h e  c l o u d s  a b o v e  t h e  h o r i z o n  d i d  n o t  
e x c e e d  10-15O. The s t a r s  were s e e n  v e r y  c l e a r l y  t h r o u g h  t h e m .  The 
c l o u d s  d i s a p p e a r e d  by  2 3 3 0 .  

O . G .  B o g d a n o v ,  N . V .  P e t r u n ' k i n  a n d  P . D .  Romadin o b s e r v e d  t h e s e  
a p p e a r a n c e s .  

On O c t o b e r  5 ( ! ) ,  t h e  s k y  w a s  i l l u m i n a t e d  f r o m  2307  t o  2 3 1 8 :  a 
c l e a r  b a n d  o f  a w h i t e  v e i l  w a s  s e e n  a t  t h e  n o r t h ,  w h e r e  t h e r e  were 
n o  c i t y  l i g h t s  a n d  w h e r e  t h e r e  c o u l d  b e  n o  p r e l i m i n a r y  i l l u m i n a t i o n .  
T h i s  c o u l d  b e  a r a r e  a p p e a r a n c e  o f  t h e  v i s i b i l i t y  o f  n o c t i l u c e n t  
c l o u d s  i n  t h e  m o n t h  o f  O c t o b e r .  
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O B S E R V A T I O N S  O F  N O C T I L U C E N T  C L O U D S  A T  T A L L I N  IN T H E  S U M M E R  OF 1962 

C.I. V i l l m a n n  

ABSTRACT: The n o c t i 2 u c e n t  c2ouds which  u e r e  
o b s e r v e d  o v e r  TaZZin i n  t h e  summer o f  2 9 6 2  a r e  
d e s c r i b e d  i n  t h i s  a r t i c l e .  

The E s t o n i a n  d i v i s i o n  of t h e  A l l - U n i o n  A s t r o n o m i c a l  a n d  / 1 1 6  
G e o d e t i c  S o c i e t y ,  t o g e t h e r  w i t h  t h e  T a l l i n  A s t r o n o m i c a l  O b s e r v a t o r y ,  
o r g a n i z e d  s u r v e y i n g  o b s e r v a t i o n s  o f  t h e  t w i l i g h t  s k y  a n d  n o c t i l u c e n t  
c l o u d s  a t  T a l l i n  i n  1 9 6 2 .  T h e s e  s u r v e y s  were t h e  c o n t i n u a t i o n  o f  
o b s e r v a t i o n s  a c c o r d i n g  t o  t h e  I G Y  p r o g r a m  b e g u n  i n  1 9 5 7 .  

I n  1 9 6 2 ,  t h e  o b s e r v a t i o n s  w e r e  b e g u n  on May 1 5  a n d  e n d e d  on 
S e p t e m b e r  1. On t h e  w h o l e ,  t h e  o b s e r v a t i o n s  i n c l u d e d  1 0 0  n i g h t s  
a n d  4 1 0  h o u r s .  N o c t i l u c e n t  c l o u d s  w e r e  o b s e r v e d  6 t i m e s .  C e r t a i n  
c h a r a c t e r i s t i c s  o f  t h e s e  a p p e a r a n c e s  a r e  g i v e n  i n  t h e  t a b l e .  

The d u r a t i o n  o f  t h e s e  a p p e a r a n c e s  o f  n o c t i l u c e n t  c l o u d s  w a s  
4 . 3 %  o f  t h e  t o t a l  a m o u n t  o f  s u r v e y i n g  t i m e .  H o w e v e r ,  w e  s h o u l d  
m e n t i o n  t h a t  t h i s  f r e q u e n c y  o f  a p p e a r a n c e  o f  n o c t i l u c e n t  c l o u d s  i s  
t h e  a c t u a l  o n e ,  s i n c e  t h e  m e t e o r o l o g i c a l  c o n d i t i o n s  for t h e  s u r v e y -  
i n g  were  v e r y  d i s a d v a n t a g e o u s  d u r i n g  t h e  summer o f  1 9 6 2 .  

The t w i l i g h t  s k y  w a s  c l e a r  ( A  a n d  B a c c o r d i n g  t o  [l]) o n l y  
1 1 . 4  o f  t h e  e n t i r e  t i m e  o f  t h e  o b s e r v a t i o n s .  

D u r i n g  t h e  r e m a i n i n g  t i m e ,  t h e  t w i l i g h t  s e g m e n t  w a s  c o m p l e t e l y  
or p a r t i a l l y  c o v e r e d  w i t h  d i f f e r e n t  t y p e s  o f  t r o p o s p h e r i c  c l o u d s  
(C,D, a n d  E a c c o r d i n g  t o  [l]). 

R E F E R E N C E S  /117 -- 

1. I n s t r u k t s i y a  d l y a  n a b l y u d e n i y  s e r e b r i s t y k h  o b l a k o v  
( I n s t r u c t i o n s  f o r  O b s e r v a t i o n s  o f  N o c t i l u c e n t  C l o u d s ) .  
I z d a t .  Akad.  Nauk S.S.S.R., 1 9 5 7  
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TABLE - 
~ 

L o c a i  T i m e  

- .  . . - 
~ 

2 3  h 0 8  m - 0 1  h 0 8  m 
2 2  1 8  - 0 1  2 3  
2 2  3 8  - 0 1  4 8  
2 2  0 8  - 0 1  2 3  
0 0  0 8  - 0 1  3 8  
2 2  3 8  - 0 2  5 0  

No. 

i 
2 
3 
4 
5 
6 

I 

M o r p h o l o g i c a l  
S t r u c t u r e  
A c c o r d i n g  t o  

_ -  
~~ . _ _ _ _ _  

c11 

I , I I - a , b  , 1 1 1 - b  , c  NNW 07'07'- 06"42' 353 - 13' -08 "28' 

I , I I - a , b , I I I - a , b , 1 V - a , b  S E  06 02 -04 26 350 09 -13 52  
346 46 -11 13 

I , I I - a , I I I - b  S 11 37 -08 50 03 41 -13 06 
350 20 -20 49 

I , I I - a , b  , I I I - a , b  , I V - a  NW 04 39 -05 27 347 23 -10 32 

1 , I I - a , b , I I I - a , b , I V - a , b  sw 06 54 -07 46 

10 22 -04 04 I , I I - a , b  , 1 1 1 - a , b  , IV-b  S 

7 - 8  J u n e  
1 7 - 1 8  J u n e  

2 - 3  J u l y  
1 9  - 2 0 J u l y  
2 8 - 2 9  J u l y  
2 9 - 3 0  J u l y  

B r i g h t n e s s  A c c o r d -  
i n g  t o  E11 
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OBSERVATIONS OF NOCTILUCENT CLOUDS I N  T H E  LATVIAN S.S.R. I N  1962 

M.A. Dirikis a n d  E. Ts. Mukins 

ABSTRACT:  The n o c t i  Zucent  cZouds observed  o v e r  
t h e  L a t v i a n  S.S.R.  i n  2 9 6 2  ( a t  R iga  and S i g u Z d a )  
a r e  d e s c r i b e d  i n  t h i s  a r t i c l e .  

The p h o t o g r a p h i c  o b s e r v a t i o n s  o f  n o c t i l u c e n t  c l o u d s  by  t h e  
L a t v i a n  d i v i s i o n  o f  t h e  A l l - U n i o n  A s t r o n o m i c a l  a n d  G e o d e t i c  S o c i e t y  /117 
were c o n d u c t e d  i n  1 9 6 2  a t  t w o  s i t e s ,  R i g a  a n d  S i g u l d a .  The o b s e r -  
v a t i o n  s i t e s  were t h e  s a m e  a s  i n  1 9 6 1  [l]. 

The d a t a  r e f e r r i n g  t o  t h e  n o c t i l u c e n t  c l o u d s  a r e  g i v e n  b e l o w  
( s e e  t h e  f o l l o w i n g  t a b l e ) .  

The f o l l o w i n g  p a r t i c i p a t e d  i n  t h e  o b s e r v a t i o n s :  a t  R i g a ,  / 1 1 9  
S .  F r a n t s m a n  ( Y e v d o k i m e n k o ) ,  A .  K r a s t y n y a ,  Yu. F r a n t s m a n ,  Z .  L u s e  
( S t r a u t m a n )  a n d  D .  V a y n b e r g ;  a t  S i g u l d a ,  M .  V e y k e n ,  A .  P l o t k i n s ,  
R .  V i t o l n i y e k s ,  L .  D i r i k e ,  M .  D i r i k i s ,  E .  M u k i n s ,  a n d  a g r o u p  o f  
f i r s t - f o r m  s t u d e n t s  o f  t h e  S i g u l d a  H i g h  S c h o o l .  

REFERENCES 

1. F r a n t s m a n ,  Yu. :  T s i r k u l y a r  VAG0 ( C i r c u l a r  o f  t h e  A l l - U n i o n  
A s t r o n o m i c a l  a n d  G e o d e t i c  S o c i e t y ) ,  No. 5 ,  M O S C O W ,  1 9 6 2 ,  
p .  2 6 .  
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Brightness, 
of clouds ' 

No. Date,  1 961 T ime  

I 

No. of Photo- 
graphs Ob tained 

1-2. July 

8-9. July 
5-6. Ju ly  

19-20 July 
f4-45. A<g 

1-2.JUly 
2 - 3 . , J ~ l y  
8-9.July 

19-2O;J~ly 

0 00 - 3 30 1-5-2 
2 15 - 3 30 3-4-1 
2 20 - 2 45 1 
0 15 - 2 00 1-3- 1 

A 
B 

B-A 
B 
A 

0 00 - 3 15 
1 45 - 2 00 
1 15 - 3 35 

23 44 - 3 45 
21 55 -22 40 

B 
B 
B 
B -A 

\ A  

3-5--1 
1 

2-1 
2-4-1 

3-1 

8',6-9',4 
5,4-9,6 
5.5-9.1 
866-9.4 

10.6-12.0 

6,4-9,7 
9,7- 9,9 
6,2--10,4 
6,8-12,0 
6.4-10,8 

70 
7 

26 
45 

8 



O B S E R V A T I O N S  OF N O C T I L U C E N T  C L O U D S , I N  E S T O N I A  
D U R I N G  THE S U M M E R  O F  1963 

Kh.Ya. T u r b a l  

ABSTRACT: The e Zeven c a s e s  of n o c t i  Zucent  
cZouds o b s e r v e d  o v e r  E s t o n i a  d u r i n g  t h e  summer 
of 2963 a r e  d i s c u s s e d  i n  t h i s  a r t i c t e .  The 
a u t h o r  concZudes  t h a t  n o c t i Z u c e n t  cZouds a r e  
usuaZ Zy v e r y  b r i g h t ,  and a r e  v i s i b  Ze r a t h e r  
f r e q u e n t Z y  d u r i n g  t h e  summer mon ths .  

I n  1 9 6 3 ,  t h e  T a l l i n  A s t r o n o m i c a l  O b s e r v a t o r y  o f  t h e  I n s t i t u t e  /119 
o f  P h y s i c s  a n d  A s t r o n o m y  o f  t h e  Academy o f  S c i e n c e s  o f  t h e  E s t o n i a n  
S.S.R., a n d  t h e  E s t o n i a n  D i v i s i o n  o f  t h e  A l l - U n i o n  A s t r o n o m i c a l  a n d  
G e o d e t i c  S o c i e t y  w e r e  c o n t i n u i n g  t h e  o b s e r v a t i o n s  o f  n o c t i l u c e n t  
c l o u d s  b,egun i n  1 9 5 7  ( s e e ,  f o r  e x a m p l e ,  [l-51). 

The s u r v e y i n g  o b s e r v a t i o n s  o f  t h e  t w i l i g h t  s k y  a n d  n o c t i l u c e n t  
c l o u d s  a t  T a l l i n  a n d  Nymma were  b e g u n  o n  J u n e  25  a n d  e n d e d  o n  
S e p t e m b e r  1. 

I n  a l l ,  t h e  o b s e r v a t i o n s  l a s t e d  67 n i g h t s  a n d  3 2 3  h o u r s .  
L .  C a l v e ,  Y a .  L o k k ,  Yu. Tarmak a n d  Kh. T u r b a l  were t h e  o b s e r v e r s .  

I n  a d d i t i o n  t o  c o n d u c t i n g  t h e  s u r v e y  o b s e r v a t i o n s  ( a c c o r d i n g  
t o  t h e  I G Y  p r o g r a m  [ S I ,  t h e  p r i n c i p a l  t a s k  was t o  o b t a i n  p h o t o g r a p h s  
w i t h  t h e  a i d  o f  a t h r e e - l e n s  camera a n d  a n  a e r i a l  camera (AFA-IM) 
i n  o r d e r  t o  d e t e r m i n e  t h e  p o l a r i z a t i o n  a n d  p h o t o m e t r i c  p r o p e r t i e s  
o f  t h e  l i g h t  o f  n o c t i l u c e n t  c l o u d s  a s  w e l l  a s  t h e  d y n a m i c s  o f  t h e  
n o c t i l u c e n t  c l o u d s .  

The c h a r a c t e r i s t i c  d i s t r i b u t i o n  o f  t h e  t w i l i g h t  i n t e r v a l  by  
d i f f e r e n t  t y p e s  o f  r e c o r d i n g  a n d  m e t e o r o l o g i c a l  c o n d i t i o n s  d u r i n g  
t h e  p e r i o d  o f  t h e  o b s e r v a t i o n s  i s  g i v e n  i n  T a b l e  1. 

N o c t i l u c e n t  c l o u d s  were  r e c o r d e d  11 t i m e s  d u r i n g  t h e  p e r i o d  o f  
t h e  s u r v e y .  C e r t a i n  c h a r a c t e r i s t i c s  o f  t h e  n o c t i l u c e n t  c l o u d s  a r e  
g i v e n  i n  T a b l e  2 .  

Yu. K e s t l a n e ,  a f o r m e r  l a b o r a t o r y  t e c h n i c i a n  a t  t h e  T a l l i n  
A s t r o n o m i c a l  O b s e r v a t o r y ,  c o n d u c t e d  o b s e r v a t i o n s  i n  K i n g i s e p p a  o n  
h i s  own i n i t i a t i v e .  
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TABLE 1. DISTRIBUTION OF TWILIGHT INTERVAL BY VARIOUS TYPES OF 
RECORDING AND METEOROLOGICAL CONDITIONS DURING THE PERIOD WHEN 

NOCTILUCENT CLOUDS WERE OBSERVED AT TALLIN -NYMMA IN 1963 

period of - 

~~ 

period of time No! N o ?  
observat ions 1 nights 1 hours  Inightl 

- 

2,25 
29,25 

June  
July 
Au gu s 

20,O 
24,4 

, . .  
. . .  

t . . .  
total nights . . . 
total  h o u r s .  . . 

L$ 
. . . . . * . . . 



TABLE 2. CERTAIN CHARACTERISTICS OF THE NOCTILUCENT CLOUDS AND TWILIGHT 
SECTOR RECORDED DURING THE OBSERVATIONS AT TALLIN-NYMMA IN 1963 

Date 

t 1, I I 
negative 

.; 5 .,morphological eleivation 
types of Sun 

t ime(  standard) 
beginning1 end 

11-a 

30.m- l .VI I  01 h 00 m 03 h 30 m 1-2 
1 - 2  00 15 02 43 1-2 
2 - 3  23 30 03 00 1-4 
4 - 5  00 15 02 15 1-4 

9 20- 6 26 

15 -16 
20 -21 
23 -24 

26 -27 

9 -10 
20 -21 

4 - 5 ~ 1 1 1  

00 30 
23 30 

01 no 
23 45 
01 30 
04 27 

01 15 02 45 1-4 
1-3 
1-5 

1-2 
1-3 
1-4 

1 

03 00 
03 30 

02 00 
00 30 
04 15 
04 36 

I, 11-a, 11-6 IV-6 7>16'- 6020' 
I. 11-a, 11-6 111-6 G 14-  7 24 

11-a, 11-15 IV-u ! 4 11 - 5 17 
11-a, II-bIII-a, III.b, G 34 - 7 07 

9 U 3 -  7 35 I ,  11-a, IIJb 
I,  11-a 111-c 9 01- 7 46 
I, 11-a, 11-bIII-a. III-b G 56- 6 42  

IV-a, IV- b 1V.c 

azimuth of 
Sun 

174'12'-194"59' 
163 45 -164 35 
153 25 -201 51 
163 37 -191 23 
177 03 -197 53 
I93  41 -201 49 
152 16 -208 55 

173 11 -167 55 
155 OG -165 51 

225 09 -226 21 
160 40 -219 08 

:loudiness of 
twilight sky 

C 
A 

C 
B 

B 

c, 

C , E  

c, D 
c, E 

C , B  
C 



H e  n o t i c e d  n o c t i l u c e n t  c l o u d s  5 t i m e s :  o n  J u l y  2 - 3 ,  J u l y  1 5 - 1 6 ,  / 1 2 2  
J u l y  2 0 - 2 1 ,  a n d  J u l y  23 -24 .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  h e  o b -  
s e r v e d  n o c t i l u c e n t  c l o u d s  o n  J u l y  2-3 a t  0 4 0 0 ,  for a n e g a t i v e  e l e -  
v a t i o n  o f  t h e  S u n  o f  2 O 1 1 ' ,  a n d  o n  J u l y  2 3 - 2 4 ,  a t  0 4 2 0 ,  for a n e g -  
a t i v e  e l e v a t i o n  o f  t h e  S u n  o f  3O37'. 

A s  w e  c a n  s e e  f rom T a b l e s  1 a n d  2 ,  t h e  g r e a t e s t  number  o f  n o c -  
t i l u c e n t  c l o u d s  a p p e a r e d  i n  J u l y  ( 8  t i m e s ) ;  t h e y  a p p e a r e d  3 t i m e s  
i n  A u g u s t .  

T h e r e  were n o  n o c t i l u c e n t  c l o u d s  o b s e r v e d  a t  t h e  e n d  o f  J u n e .  

If w e  c o m p a r e  t h e  n o c t i l u c e n t  c l o u d s  r e c o r d e d  i n  T a l l i n  d u r i n g  
t h e  p r e c e d i n g  y e a r  w i t h  t h o s e  r e c o r d e d  i n  t h e  summer o f  1 9 6 3 ,  w e  
c a n  f i n d  t h e  f o l l o w i n g  c i r c u m s t a n c e s :  

(1) N o c t i l u c e n t  c l o u d s  were v i s i b l e  r a t h e r  o f t e n .  They  
e x i s t e d  for 6 . 7 %  o f  t h e  e n t i r e  t i m e  o f  t h e  p a t r o l  o b s e r v a t i o n s  ( t h e  
p e r c e n t a g e  f o r  1 9 5 7  w a s  2 . 7 ;  f o r  1 9 5 8 ,  0 . 9 ;  for 1 9 5 9 ,  6 . 3 ;  f o r  1 9 6 1 ,  
also 6 . 7 % ) .  

( 2 )  I n  many c a s e s ,  n o c t i l u c e n t  c l o u d s  h a v e  r a t h e r  h i g h  b r i g h t -  
n e s s .  

( 3 )  N o c t i l u c e n t  c l o u d s  a r e  u s u a l l y  v i s i b l e  a r o u n d  t h e  h o r i z o n  
a n d  a t  a n  a v e r a g e  h e i g h t  a b o v e  t h e  h o r i z o n ,  b u t  t h e y  were  v i s i b l e  
a r o u n d  t h e  z e n i t h  o n  J u l y  2 - 3 .  

I n  c o n c l u s i o n ,  I c o n s i d e r  i t  my d u t y  t o  e x p r e s s  my a p p r e c i a -  
t i o n  t o  L .  C a l v e ,  a l a b o r a t o r y  t e c h n i c i a n  a t  t h e  T a l l i n  A s t r o -  
n o m i c a l  O b s e r v a t o r y ,  t o  Ya.Lokk a n d  Yu. T a r m a k ,  members  o f  t h e  A l l -  
Un ion  A s t r o n o m i c a l  a n d  G e o d e t i c  S o c i e t y ,  for t h e i r  c o n s c i e n t i o u s  
work  o n  t h e  t a s k s  a s s i g n e d ,  a n d  t o  Yu.  K e s t l a n e ,  for c o n t r i b u t i n g  
h i s  m a t e r i a l s  t o  t h i s  d i s c u s s i o n .  
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1 9 5 7 - 1 9 5 8  ( O b s e r v a t i o n s  o f  N o c t i l u c e n t  C l o u d s  a t  T a l l i n  i n  
1 9 5 7 - 1 9 5 8 ) ,  i n :  T r u d y  s o v e s h c h a n i y a  P O  s e r e b r i s t y m  o b l a k a m  
(Works of a C o n f e r e n c e  o n  N o c t i l u c e n t  C l o u d s ) ,  V o l .  I T a r t u ,  

2 .  V i l l m a n n ,  C .  a n d  U . J .  V e l t m a n n :  H e l k i v a t e  o o p i l v e d e  V a a t l u s t e s t  
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CALCULATING THE COORDINATES OF NOCTILUCENT CLOUDS ON THE BESM-2 

S.V. F r a n t s m a n  ( Y e v d o k i m e n k o )  a n d  Yu.L.  F r a n t s m a n  

ABSTRACT: The r e s u l t s  of t h e  f i r s t  calculations 
on t h e  BESM-2 ( a  h igh - speed  e l e c t r o n i c  c o m p u t e r )  
for t h e  a l t i t u d e s  and g e o g r a p h i c  c o o r d i n a t e s  of 
n o c t i l u c e n t  c l o u d s  a r e  p r e s e n t e d  i n  t h i s  a r t i c l e .  
D e s c r i p t i o n s  a r e  g i v e n  for t h e  f o r m u l a s  u s e d  i n  
t h e  program of t h e  machine .  The a u t h o r  shows 
t h e  accuracy  o f  t h e  r e s u l t s  o b t a i n e d ,  and t h e i r  
s i g n i f i c a n c e  i n  i n t r o d u c i n g  new and more com- 
p l e t e  d a t a  f o r  t h e  s t u d y  o f  n o c t i l u c e n t  c l o u d s .  

The a l t i t u d e s  a n d  g e o g r a p h i c  c o o r d i n a t e s  o f  n o c t i l u c e n t  c l o u d s  / 1 2 3  
a n d  t h e  v e l o c i t y  a n d  d i r e c t i o n  o f  t h e i r  movement  c a n  b e  d e t e r m i n e d  
by  s i m u l t a n e o u s  p h o t o g r a p h s  made f r o m  t w o  or m o r e  o b s e r v a t i o n  s i t e s .  
D u r i n g  t h e  I G Y  a n d  t h e  I G U ,  a s  w e l l  a s  t h e  s u b s e q u e n t  p e r i o d ,  t h e  
L a t v i a n  d i v i s i o n  o f  t h e  A l l - U n i o n  A s t r o n o m i c a l  a n d  G e o d e t i c  S o c i e t y  
o b t a i n e d  a l a r g e  number  o f  r e f e r e n c e  p h o t o g r a p h s  o f  n o c t i l u c e n t  
c l o u d s  s u i t a b l e  f o r  a n a l y s i s .  I n  1 9 5 9 ,  M . A .  D i r i k i s  a n d  Yu.L. 
F r a n t s m a n  [l] p r o p o s e d  a s i m p l i f i e d  m e t h o d  f o r  d e t e r m i n i n g  t h e  a l -  
t i t u d e s  a n d  g e o g r a p h i c  c o o r d i ’ n a t e s  o f  n o c t i l u c e n t  c l o u d s .  The 
s i m p l i c a t i o n s  were  a c h i e v e d  p r i m a r i l y  by  a n  i n t r o d u c t i o n  o f  o r t h o g -  
o n a l  e q u a t o r i a l  c o o r d i n a t e s .  T h i s  m e t h o d  c a n  i n v o l v e  t h e  u s e  o f  
p h o t o g r a p h s  made by d i f f e r e n t  t y p e s  o f  cameras  whose  o p t i c a l  a x e s  
c a n  b e  n o n - p a r a l l e l  ( i n  c o n t r a s t ,  f o r  e x a m p l e ,  t o  t h e  m e t h o d  p r o -  
p o s e d  by M . I .  B u r o v  [2]>. The f i r s t  r e s u l t s  o f  t h e  c a l c u l a t i o n s  
f o r  t h e  a l t i t u d e s  of n o c t i l u c e n t  c l o u d s  b y  t h i s  m e t h o d  w e r e  p u b -  
l i s h e d  i n  [l] a n d  [ 3 ] .  

A t  t h e  p r e s e n t ,  w e  c a n  c o n s i d e r  unknown t h e  a v e r a g e  a l t i t u d e  
o f  t h e  l a y e r  i n  w h i c h  n o c t i l u c e n t  c l o u d s  a p p e a r .  On t h e  o t h e r  h a n d ,  
w e  s t i l l  d o  n o t  know t h e  t h i c k n e s s  o f  t h e  l a y e r  o f  n o c t i l u c e n t  
c l o u d s ,  or i f  t h e r e  a r e  t w o  or m o r e  l a y e r s .  

The s t u d y  o f  t h e  movement  o f  n o c t i l u c e n t  c l o u d s  i s  o f  g r e a t  
i n t e r e s t .  I t  i s  w e l l  known t h a t  t h e  m o v e m e n t s  a r e  p r i m a r i l y  i n  a 
w e s t e r n  d i r e c t i o n ;  h o w e v e r ,  t h i s  i s  t h e  movement  o f  t h e  e n t i r e  mass 
o f  c l o u d s  a s  a w h o l e .  The s m a l l e r  m o r p h o l o g i c a l  f o r m a t i o n s  make 
c o m p l e x  w a v e - s h a p e d ,  v o r t i c a l  a n d  o t h e r  m o v e m e n t s  [4,5]. H a v i n g  
s t u d i e d  t h e  movement  o f  n o c t i l u c e n t  c l o u d s ,  we c a n  o b t a i n  d a t a  c o n -  
c e r n i n g  t h e  wind  v e l o c i t y ,  a n d  t h e  n a t u r e  a n d  d i r e c t i o n  o f  t h e  
movement o f  l a y e r s  o f  t h e  a t m o s p h e r e  a t  , c o r r e s p o n d i n g  a l t i t u d e s .  
I n  o r d e r  t o  s t u d y  t h e  k i n e m a t i c s  o f  n o c t i l u c e n t  c l o u d s ,  i t  i s  n e c -  
e s s a r y  t o  a n a l y z e  a v e r y  l a r g e  q u a n t i t y  o f  o b s e r v a t i o n a l  m a t e r i a l s .  
We h a v e  a t t e m p t e d  t o  a d d  t o  t h e s e  m a t e r i a l s ,  s o  t h a t  t h e  a n a l y s i s  
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of observations can possibly become less time-consuming. For this 
purpose, we constructed a program for calculating the coordinates 
of noctilucent clouds on a high-speed electronic computer (BESM-2). 
The results of the first calculations on the BESM-2 for the alti- 
tudes and the geographic coordinates of noctilucent clouds are pre- 
sented in this article. 

F o r m u l a s  f o r  D e t e r m i n i n g  t h e  A1 t i  t u d e s  a n d  G e o g r a p h i c  
C o o r d i n a t e s  o f  N o c t i l u c e n t  C l o u d s  

The coordinates of noctilucent clouds were calculated by 
introducing orthogonal equatorial coordinates (Fig. 1). We will 
assume that simultaneous photographs of noctilucent clouds with 
general details were obtained from two observation sites A and B .  

system of coordinates is constructed from the origin at the center 
of the Earth, the X-axis is directed toward the point where the 
Greenwich meridian and the equator intersect, the Y-axis is di- 
rected toward the point of the equator with a longitude of 90°E, 

N' and the Z-axis is directed toward the North Pole of the Earth P 
The coordinates of the observation sites in this system are equal 
to X A ,  L J A ,  Z A ~  and X B ,  L J B ,  and Z B ,  respectively. Now we can 
introduce the topocentric systems of coordinates XA, Y A Y  ZA and 
X B ,  Y B ,  ZB, with axes parallel to the X ,  Y and Z axes, but with 
origin of the coordinates at the points A and B ,  respectively 

/ 1 2 4  We will call one of these details C. An equatorial geocentric -- 

Fig. 1. System of Rectangular 
Equatorial Coordinates 

(Figure 1 shows only the system of coordinates with an 0rigi.n at 
B ) .  All the values involving point A will be designated by one 
apostrophe, and all those involving point B will be designated by 
two. For the point C in the noctilucent cloud in the photographs 
obtained at A and B y  we will determine the equatorial coordinates 
by the methods of photographic astrometry, i.e., we will deter- 
mine the ascension ct and the declination 6. The topocentric co- 
ordinates of point C are the following: 
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x‘ = p‘ cos 6’ cos (a‘ - S); 

y’ = p‘ COS 6‘ sin (z‘ - S);  
z’ = p‘sin 6‘; 

x” =: p” cos 6” cos (a” - S);  
y” = p” COS 6” sin (a” - S);  
2’‘ -- p” sin 6“ 

Here, S is the angle y O X  equal to Greenwich stellar time at the 
moment of the observation. The unknowns on the right-hand side 
of the equations are the distances p ’  and p “  from the observation 
sites to point C. 

Let us abbreviate the unknown values in the following way: /125 

X‘ = cos 6‘ cos (a’ - S) ;  
Y’ =: COS 6’ sin (a’ -- S);  
Z’ = sin6‘; 

X” :-- cos 6“ cos (“” - S); 

Y” - -: COS 6“ sin (a” - S);  
2 =- sin 6”. 

The system of equations for determining the coordinates of the 
point C (xc, y c ?  Z C )  in the geocentric system of coordinates can 
now be written in the following way: 

We have six equations with five unknowns (xc, y c ,  Z C ,  p ’ and p ” ) ;  
thus, the system can be solved by the method of least squares. 

In order .to find the height h above sea-level and the geo- 
graphic coordinates (latitude 4 and longitude A )  for C, we will 
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write the equation for the line which passes through the origin of 
the geocentric system of coordinates and C y  in the following way: 

Considering the Earth's surface to be an ellipsoid with two equal 
axes, we can use the following equation for an ellipsoid: 

where b is the minor semiaxis of the ellipsoid in units of the 
equatorial radius of the Earth. Having solved these equations 
jointly, and having introduced the value 

the coordinates xin, gin, and zin for the point where the line in- / 1 2 6  
tersects with the ellipsoid in the orthogonal equatorial geocentric 
cyctem of coordinates can be obtained in the following way: 

The geocentric latitude $ f  of C is the following: 

(p' -: arc  sin - ?i h , 
IZ 

where 

while the longitude is 

Ylin h ;= arc tg -- - . 
.'in 

In order to convert the geocentric latitude d ) f  into the geographic 
one d ) ¶  we will use the following formula: 

ctgcp = (0,993307 -;- 10-0 0,001 lh,) clgcp' 
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We w i l l  c o n s i d e r  t h e  h e i g h t  ho e q u a l  t o  t h e  a v e r a g e  h e i g h t  o f  t h e  
n o c t i l u c e n t  c l o u d s ,  i . e . ,  8 2  km. 

If w e  c a l l  t h e  d i s t a n c e  f r o m  t h e  o r i g i n  o f  t h e  c o o r d i n a t e s  t o  
Cp,, t h e  h e i g h t  h o f  t h e  p o i n t  i n  t h e  n o c t i l u c e n t  c l o u d s  i s  t h e  
f o l l o w i n g  : 

w h e r e  

The e r r o r  a l l o w e d  i n  c a l c u l a t i n g  t h e  h e i g h t ,  a s  a r e s u l t  o f  t h e  
f a c t  t h a t  t h e  l i n e  p a s s e s  t h r o u g h  t h e  c e n t e r  o f  t h e  E a r t h  a n d  t h e  
p o i n t  C d o e s  n o t  c o i n c i d e  w i t h  t h e  p e r p e n d i c u l a r  p l o t t e d  f r o m  C t o  
t h e  s u r f a c e  o f  t h e  E a r t h ,  i s  s o  s m a l l  ( o n  t h e  o r d e r  o f  2 0  m) t h a t  
i t  may b e  d i s r e g a r d e d .  

De te rmin ing  t h e  E q u a t o r i a l  C o o r d i n a t e s  o f  N o c t i l u c e n t  C l o u d s  

The o r t h o g o n a l  c o o r d i n a t e s  o f  t h e  i m a g e s  o f  t h e  d e t a i l s  i n  t h e  
n o c t i l u c e n t  c l o u d s  a n d  t h e  r e f e r e n c e  s t a r s  o n  t h e  f i l m  were mea- 
s u r e d  o n  a u n i v e r s a l  m e a s u r i n g  m i c r o s c o p e  (UIM-21); t h i s  i n s t r u m e n t  
b e l o n g e d  t o  t h e  A s t r o n o m i c a l  O b s e r v a t o r y  o f  t h e  L a t v i a n  G o v e r n m e n t .  
The m e a s u r e m e n t s  w e r e  a l s o  c o n d u c t e d  o n  a m e a s u r i n g  Z e i s s  m i c r o -  
s c o p e  w h i c h  h a d  a s i m i l a r  d e s i g n  a n d  b e l o n g e d  t o  t h e  P h y s i c s  
I n s t i t u t e  o f  t h e  Academy o f  S c i e n c e s  o f  t h e  L a t v i a n  S . S .  R /127 

The m e a s u r e d  o r t h o g o n a l  c o o r d i n a t e s  o f  t h e  p o i n t s  i n  t h e  n o c -  
t i l u c e n t  c l o u d s  were c o n v e r t e d  i n t o  e q u a t o r i a l  c o o r d i n a t e s  by  t h e  
T u r n e r  m e t h o d ,  a n d  t h e  t e r m s  were c o n s i d e r e d  u p  t o  t h e  s e c o n d  
o r d e r ,  i n c l u s i v e .  For e a c h  f i l m ,  i t  w a s  n e c e s s a r y  t o  s o l v e  t w o  
s y s t e m s  o f  e q u a t i o n s  w i t h  s i x  u n k n o w n s ,  i . e .  : 

w h e r e  a,b,c,k,Z,m,d,e,f,p,q a n d  r a r e  t h e  c o n s t a n t s  t o  b e  d e t e r m i n e d ;  
xi a n d  Z J ~  a r e  t h e  o r t h o g o n a l  c o o r d i n a t e s  of t h e  i m a g e  o f  t h e  s t a r  
whose  number  i s  i; Si a n d  qi a r e  t h e  i d e a l  c o o r d i n a t e s  o f  t h e  same 
s t a r .  I n  c o n s i d e r i n g  t h e  t e r m s  o f  t h e  s e c o n d  o r d e r ,  t h e  e f f e c t  o f  
t h e  d i f f e r e n t i a l  r e f r a c t i o n  i s  d e c r e a s e d ;  i n  o u r  c a s e ,  i t  s h o u l d  
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r e a c h  a s u b s t a n t i a l  v a l u e .  The e f f e c t  o f  c e r t a i n  o t h e r  f a c t o r s  i s  
a l s o  d e c r e a s e d .  The s y s t e m s  o f  e q u a t i o n s  were s o l v e d  by  t h e  m e t h o d  
o f  l e a s t  s q u a r e s .  

I n  o r d e r  t o  d e t e r m i n e  t h e  e q u a t o r i a l  s p h e r i c a l  c o o r d i n a t e s  c1 

p a n d  6 o f  t h e  n o c t i l u c e n t  c l o u d s ,  i t  i s  n e c e s s a r y  t o  know t h e  e q u a -  
t o r i a l  c o o r d i n a t e s  o f  t h e  o p t i c a l  c e n t e r  i n  t h e  p h o t o g r a p h .  We c a n  
u s e  t h e  g e o m e t r i c  c e n t e r  o f  t h e  p h o t o g r a p h  a s  a n  a p p r o x i m a t i o n  o f  
t h e  o p t i c a l  c e n t e r ,  s i n c e  t h e  c o r r e s p o n d i n g  e r r o r  i n  d e t e r m i n i n g  c1 

a n d  6 o f  t h e s e  p o i n t s  i s  v e r y  s m a l l .  We c o m p l e t e d  c a l c u l a t i o n s  
w h i c h  showed  t h a t  e v e n  a c h a n g e  i n  t h e  r e c t i l i n e a r  c o o r d i n a t e s  o f  
t h e  o p t i c a l  c e n t e r  b y  1 0  m m  c h a n g e s  t h e  e q u a t o r i a l  c o o r d i n a t e s  o f  
t h e  m e a s u r e d  o b j e c t i v e  o n  t h e  a v e r a g e  by  0 . 5 " .  

T h u s ,  s i n c e  t h e  c o o r d i n a t e s  o f  t h e  o p t i c a l  c e n t e r  a r e  s u f f i -  
c i e n t l y  a p p r o x i m a t e ,  we c a n  a s s u m e  t h a t  t h e  e q u a t o r i a l  s y s t e m  o f  
c o o r d i n a t e s  i s  p r o j e c t e d  t o  t h e  f i l m ,  a s  a n  o r t h o g o n a l  s y s t e m  on a 
p l a n e  i n  o r d e r  t o  d e t e r m i n e  c1 a n d  6 o f  t h e  o p t i c a l  c e n t e r  i n  a 
s m a l l  f i e l d  a r o u n d  t h e  c e n t e r  o f  t h e  f i l m .  To d e t e r m i n e  t h e  e q u a -  
t o r i a l  c o o r d i n a t e s  o f  t h e  o p t i c a l  c e n t e r  a c c o r d i n g  t o  t h e  m e a s u r e d  
o r t h o g o n a l  c o o r d i n a t e s ,  w e  c a n  now u s e  t h e  g e n e r a l  f o r m u l a s  f o r  
c o n v e r t i n g  r e c t a n g u l a r  c o o r d i n a t e s  i n t o  p l a n e s .  For t h i s  p u r p o s e ,  
w e  w i l l  t a k e  t w o  r e f e r e n c e  s t a r s  f r o m  among t h o s e  w h i c h  w i l l  b e  
u s e d  l a t e r  t o  d e t e r m i n e  t h e  e q u a t o r i a l  c o o r d i n a t e s  o f  t h e  p o i n t s  i n  
t h e  n o c t i l u c e n t  c l o u d s .  

P r o g r a m  

I n  t h e  p r o g r a m  f o r  t h e  c a l c u l a t i o n  o f  t h e  c o o r d i n a t e s  o f  n o c -  
t i l u c e n t  c l o u d s  o n  t h e  BESM-2, i t  w a s  s t i p u l a t e d  t h a t  t h e  p r o b l e m s  
o f  t w o  p a i r s  o f  p h o t o g r a p h s  b e  s o l v e d  e a c h  t i m e .  P u n c h e d  c a r d s  
w e r e  f e d  i n  a n d  r e s u l t s  p r i n t e d  o u t  a f t e r  e a c h  m i n u t e  o f  m a c h i n e  
t i m e  . 

The b l o c k - d i a g r a m  o f  t h e  p r o g r a m  f o r  t h e  c a l c u l a t i o n  o f  a l t i -  
t u d e s  a n d  g e o g r a p h i c  c o o r d i n a t e s  o f  n o c t i l u c e n t  c l o u d s  o n  t h e  
BESM-2 i s  shown i n  F i g u r e  2 .  

/ 1 2 8  

F i g .  2 .  B l o c k - D i a g r a m  o f  t h e  P r o g r a m  f o r  C a l c u l a t i n g  
t h e  A l t i t u d e s  a n d  G e o g r a p h i c  C o o r d i n a t e s  o f  N o c t i l u c e n t  

C l o u d s  o n  t h e  BESM-2. 
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Block 1 introduces the following: 

(1) The equatorial coordinates of the reference stars for a 
pair of negatives, 

( 2 )  The measured orthogonal coordinates of the same reference 
stars, 

( 3 )  The measured orthogonal coordinates of points in the field 
of noctilucent clouds, 

(4) The coordinates of both observation sites in the equator- 
ial geocentric system of coordinates, 

(5) The orthogonal coordinates of the optical center for each 
negative , 

(6) The Greenwich sidereal time at midnight and the universal 
time at the moment of the observation, 

(7) Various auxiliary values (the number of reference stars 
for each film, the number of reference stars used in determining 
the equatorial coordinates of the optical center, etc.). 

The calculations of the equatorial coordinates of the points 
in the noctilucent clouds followed the same course for each nega- 
tive. In order to use the same part of the program for calcula- 
tions of the same type, a special number showing the sequence of 
films was introduced in Block 2 (in our case, the number 0 was 
used for the film taken at Sigulda, and the number 1 was used for 
that taken at Baldona). 

Block 3 checks which film was calculated (the 0 films were 
transferred to Block 5, and the 1 films were transferred to Block 
4 ) .  

Block 4 regulates repeated calculations for the first film. 

Block 5 determines the equatorial coordinates of the optical 
center of the film according to two reference stars. 

Block 6 calculates the ideal coordinates of the reference 
stars. 

In constructing the equations for determining the constants, 
it was necessary to distinguish the systems of equations for 5 and 
n .  Block 7 establishes special signs for these equations. 

/129 

Block 8 checks which system was involved in the calculations 
(for 5 or n ;  in the first case, the controls were transferred to 
Block 10, in the second case, they were transferred to Block 9). 
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Block 9 regulates the corresponding controls for constructing 
the system for n .  

Block 10 constructs the system of normal equations. 

Block 11 solves the system of normal equations. 

Block 12 determines the ideal coordinates of the points in 
the noctilucent clouds according to the constants of the film, 
which have now been determined. 

Block 13 checks whether or not the ideal coordinates of the 
points n in the noctilucent clouds have already been calculated, 
or if only 6 was calculated (in the first case, the control is 
transferred to Block 14, and in the second case, to Block 8). 

Block 14 finds the equatorial coordinates for the points in 
the noctilucent clouds according to the ideal coordinates. 

Block 15 checks whether or not calculations were made f o r  
both films, or only for one (in the first case, the control trans- 
fers to Block 16, and in the second case, to Block 3). 

Block 16 determines the altitudes of the noctilucent clouds 
and their geographic coordinates. 

Block 17 prints out the results. 

Since the program was designed for calculating two pairs of 
photographs, Block 18 checks to see if both pairs have been cal- 
culated (if only one pair has been calculated, the controls are 
transferred to Block 1; if calculations have been made for both 
pairs, then the controls are transferred to Block 19). 

Block 19 stops the machine. 

Moreover, there is an additional block which calculates the 
spherical coordinates of the reference stars according to the 
constants obtained, after which the calculated coordinates are 
compared to those given in the catalogue. The corresponding 
differences for each ascension and declination are printed out 
for both photographs. This aids in finding gross errors in the 
measurements and identification of the stars. We will discuss 
this later in more detail. 

The blocks which construct and solve the systems of normal 
equations were written in a way similar to that in the program 
for determining the first approximations of the geocentric co- 
ordinates of an artificial earth satellite, which was constructed 
by the Astronomical Society of the Latvian Government. The terms 
of the normal equations were constructed without the aid of stored 
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c o n d i t i o n a l  e q u a t i o n s ,  b u t  w i t h  t h e  a i d  o f  t h e  i n i t i a l  d a t a .  The 
s y s t e m  o f  n o r m a l  e q u a t i o n s  w a s  s o l v e d  b y  t h e  G a u s s  m e t h o d ,  i . e . ,  
b y  c h a n g i n g  t h e  m a t r i x  o f  t h e  c o e f f i c i e n t s  f o r  t h e  unknowns  t o  a 
u n i t  m a t r i x  b y  d i v i d i n g  i t s  e l e m e n t s  i n t o  t h e  maximum p o s s i b l e  
number  o f  s e c t i o n s  f o r  e a c h  s t a g e .  

The f o l l o w i n g  r e s u l t s  a r e  p r i n t e d  o u t :  t h e  f i l m  f o r  w h i c h  t h e  /130 
t w e l v e  c o n s t a n t s  w e r e  g i v e n ,  t h e  d i f f e r e n c e s  b e t w e e n  t h e  c a l c u l a t e d  
e q u a t o r i a l  c o o r d i n a t e s  o f  t h e  r e f e r e n c e  s t a r s  a n d  t h o s e  g i v e n  i n  
t h e  c a t a l o g u e ,  t h e  g e o g r a p h i c  c o o r d i n a t e s  o f  t h e  n o c t i l u c e n t  c l o u d s ,  
a n d  t h e i r  a l t i t u d e s .  

A n a l y s i s  o f  t h e  A c c u r a c y  in D e t e r m i n i n g  
t h e  C o o r d i n a t e s  o f  t h e  N o c t i l u c e n t  C l o u d s  

The e r r o r s  w h i c h  s u b s t a n t i a l l y  a f f e c t  t h e  r e s u l t s  i n  d e t e r -  
m i n i n g  t h e  c o o r d i n a t e s  o f  n o c t i l u c e n t  c l o u d s  c a n  b e  d i v i d e d  i n t o  
t h e  f o l l o w i n g  t h r e e  c a t e g o r i e s :  

(1) The e r r o r s  i n  m e a s u r i n g  t h e  o r t h o g o n a l  c o o r d i n a t e s  o f  t h e  
s t a r s  a n d  n o c t i l u c e n t  c l o u d s .  The  i m a g e s  o f  t h e  s t a r s  on  t h e  n e g -  
a t i v e  w e r e  c l e a r ,  a n d  i t  w a s  r a t h e r  e a s y  t o  g u i d e  t h e  c r o s s  h a i r s  
o f  t h e  m e a s u r i n g  m i c r o s c o p e  t o w a r d  s u c h  a n  o b j e c t i v e .  The a c c u r a c y  
o f  t h i s  a i m i n g  w a s  e v a l u a t e d  b y  m e a s u r i n g  t h e  i m a g e s  o f  t h e  s t a r s  
w i t h  u p r i g h t  a n d  i n v e r t e d  p o s i t i o n s  o f  t h e  r e c o r d ,  w h i c h  w a s  made 
s p e c i a l l y  f o r  t e s t i n g  t h e  A F A - I M  a e r i a l  camera.  The  sum o f  t h e  
s c a l e  r e a d i n g s  f o r  t h e  m e a s u r i n g  m i c r o s c o p e  s h o u l d  b e  c o n s t a n t  f o r  
a l l  t h e  s t a r s  i n  e a c h  p o s i t i o n .  We m e a s u r e d  2 3  i m a g e s  o f  s t a r s ;  
t h e  m e a s u r e m e n t  e r r o r  f o r  t h e  X - a x i s  w a s  e q u a l  t o  2 0 . 0 2 2  m m ,  f o r  
t h e  Y - a x i s ,  +0.020 mm ( h e r e ,  a n d  s u b s e q u e n t l y ,  w e  a r e  u s i n g  t h e  
mean s q u a r e  e r r o r ) .  A v a l u e  o f  0 . 0 2  mm on  t h e  f i l m  c o r r e s p o n d s  
t o  a n  a r c  o f  17" i n  t h e  c e l e s t i a l  s p h e r e .  

I t  was more  d i f f i c u l t  t o  m e a s u r e  t h e  i m a g e s  o f  t h e  d e t a i l s  
( w h i c h  a r e  u s u a l l y  r a t h e r  b l u r r e d )  i n  t h e  n o c t i l u c e n t  c l o u d s ,  
s i n c e  t h e  i m a g e s  t h e m s e l v e s  were  n o t  c l e a r ,  a n d  a l s o  s i n c e  t h e  
n o c t i l u c e n t  c l o u d s  moved a n d  t h e  i m a g e s  s h i f t e d  on  t h e  f i l m  d u r i n g  
t h e  e x p o s u r e  t i m e .  T h u s ,  t h e  m e a s u r e m e n t  a c c u r a c y  d e p e n d s  on  many 
f a c t o r s  ( t h e  n a t u r e  o f  t h e  d e t a i l s ,  t h e  r a t e  o f  c l o u d  movemen t ,  
a n d  t h e  e x p o s u r e  t i m e ) .  I t  i s  d i f f i c u l t  t o  d e t e r m i n e  t h e  m e a s u r e -  
men t  a c c u r a c y ,  a n d  i t  m u s t  b e  a p p r o x i m a t e d  e a c h  t i m e .  M o r e o v e r ,  a 
m e a s u r e d  d e t a i l  i n  p h o t o g r a p h s  o f  t h e  n o c t i l u c e n t  c l o u d s  t a k e n  a t  
two  o b s e r v a t i o n  s i t e s  c a n  h a v e  a d i f f e r e n t  a p p e a r a n c e ;  t h u s ,  when 
w e  a r e  a n a l y z i n g  a p a i r  o f  p h o t o g r a p h s ,  w e  a r e  n o t  a c t u a l l y  m e a -  
s u r i n g  t h e  same p o i n t  i n  e a c h  o n e .  H a v i n g  c o n d u c t e d  s e v e r a l  mea- 
s u r e m e n t s ,  a n d  f i n d i n g  t h e  same p o i n t s  when t h e  f i l m  i s  i n  a n  up -  
r i g h t  a n d  i n v e r t e d  p o s i t i o n ,  w e  c a n  e v a l u a t e  t h e  e r r o r  i n  m e a s u r i n g  
t h e  o r t h o g o n a l  c o o r d i n a t e s  i n  t h e  d e t a i l s  o f  t h e  n o c t i l u c e n t  
c l o u d s :  it v a r i e s  f r o m  2 0 . 0 5  a n d  2 0 . 2  m m .  T h i s  i s  much g r e a t e r  
t h a n  t h e  e r r o r s  f o u n d  i n  m e a s u r i n g  t h e  i m a g e s  o f  t h e  s t a r s ;  i t  i s  
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s o  much g r e a t e r  t h a t  t h e  e f f e c t  o f  t h e  e r r o r s  i n  m e a s u r i n g  i n d i v i -  
d u a l  s t a r s  d e c r e a s e s  when w e  c o n s i d e r  t h e  l a r g e  number  o f  r e f e r e n c e  
s t a r s .  I n  o r d e r  t o  d e t e r m i n e  how t h e  i n a c c u r a c i e s  i n  m e a s u r i n g  t h e  
o r t h o g o n a l  c o o r d i n a t e s  o f  t h e  p o i n t s  i n  t h e  n o c t i l u c e n t  c l o u d s  
a f f e c t  t h e  c a l c u l a t i o n s  f o r  t h e i r  a l t i t u d e s ,  t h e  o r t h o g o n a l  c o o r d i -  
n a t e s  o f  t h e  i m a g e s  o f  t h e  n o c t i l u c e n t  c l o u d s  were c h a n g e d  b y  0 . 1  /131 
mm i n  t h e  p r o g r a m  f o r  c a l c u l a t i o n s .  Wi th  s u c h  m e a s u r e m e n t s ,  o n e  
o f  t h e  o r t h o g o n a l  c o o r d i n a t e s  o f  t h e  a l t i t u d e  c h a n g e d ,  o n  t h e  a v -  
e r a g e ,  b y  z O . 6  km. 

( 2 )  The d i f f e r e n t i a l  r e f r a c t i o n ,  d i s t o r t i o n ,  d i f f e r e n t i a l  
a b e r r a t i o n  ( t o  a l e s s e r  d e g r e e ) ,  t h e  i n c l i n a t i o n  o f  t h e  f i l m ,  a n d  
o t h e r  f a c t o r s  a f f e c t  t h e  c o r r e c t n e s s  o f  t h e  r e s u l t s .  The  d i f f e r -  
e n t i a l  r e f r a c t i o n  i s  p a r t i c u l a r l y  i m p o r t a n t ,  s i n c e  t h e  m e a s u r e d  
o b j e c t i v e s  a r e  a t  a r e l a t i v e l y  g r e a t  h e i g h t  a b o v e  t h e  h o r i z o n .  On 
t h e  o t h e r  h a n d ,  t h e  c o r r e c t i o n s  w h i c h  s h o u l d  b e  i n t r o d u c e d  for t h e  
e f f e c t  o f  t h e s e  f a c t o r s  c a n  b e  e i t h e r  l i n e a r  or i n  t h e  f o r m  o f  a n  
o r d e r e d  s e r i e s ,  d e p e n d i n g  o n  t h e  m e a s u r e d  c o o r d i n a t e s .  S i n c e  w e  
w i l l  b e  u s i n g  q u a d r a t i c  t e r m s  i n  t h e  e x p a n s i o n ,  t h e s e  e f f e c t s  
( e x c e p t  t h e  d i s t o r t i o n )  c a n  b e  c o n s i d e r e d .  We s t u d i e d  t h e  d i s -  
t o r t i o n  o f  t h e  o b j e c t i v e  f o r  o n e  o f  t h e  c a m e r a s .  A r e l a t i v e l y  
g r e a t  d i s t o r t i o n  d i d  n o t  g r e a t l y  a f f e c t  t h e  c o r r e c t n e s s  o f  t h e  
c a l c u l a t i o n  r e s u l t s ,  i n  o u r  c a s e .  T h u s ,  i f  w e  t a k e  a s t a r  a t  a 
d i s t a n c e  o f  l o o  f r o m  t h e  c e n t e r  o f  t h e  n e g a t i v e ,  t h e  c o r r e c t i o n  
f o r  t h e  d i s t o r t i o n  i s  e q u a l  t o  0 . 0 1 6  m m  i n  a l l ,  w h i c h  i s  r o u g h l y  
on  t h e  o r d e r  o f  o n e  f o r  t h e  m e a s u r e m e n t  a c c u r a c y  o f  t h e  i m a g e s  o f  
t h e  s t a r s .  

I n  o r d e r  t o  b e  more  c o n v i n c e d  t h a t  a l l  t h e s e  e r r o r s  a r e  s m a l l ,  
w e  c a l c u l a t e d  t h e  c o o r d i n a t e s  ( a  a n d  6 )  o f  t h e  s t a r s  w h i c h  w e r e  n o t  
i n c l u d e d  among t h e  r e f e r e n c e  s t a r s ,  a n d  w e  c o m p a r e d  t h e m  t o  t h e  
c o o r d i n a t e s  g i v e n  i n  t h e  c a t a l o g u e .  The a v e r a g e .  q u a d r a t i c  d e v i a -  
t i o n  f o r  a was e q u a l  t o  ?25", a n d  t o  f14" f o r  6 .  A c t u a l l y ,  t h e s e  
e r r o r s  d o  n o t  e x c e e d  t h e  m e a s u r e m e n t  a c c u r a c i e s  f o r  t h e  o r t h o g o n a l  
c o o r d i n a t e s  o f  t h e  s t a r s .  I n  a n o t h e r  c a s e ,  t h e  r e f e r e n c e  s t a r s  
w e r e  t a k e n  f r o m  t h e  c e n t e r  o f  a s i m u l a t e d  n e g a t i v e  f o r  o n e  d i r e c -  
t i o n  a n d  t h e  c a l c u l a t e d  o n e s  f o r  a n o t h e r  d i r e c t i o n .  T h e s e  c a l c u -  
l a t e d  d e v i a t i o n s  w e r e  e q u a l  t o  ? 6 7 "  f o r  a a n d  ? 3 9 "  f o r  6 .  We c a n  
c o n c l u d e  t h a t  t h e  a c c u r a c y  w a s  c o m p l e t e l y  s a t i s f a c t o r y ,  s i n c e  t h e  
e r r o r s  i n  m e a s u r i n g  t h e  o r t h o g o n a l  c o o r d i n a t e s  o f  t h e  i m a g e s  o f  
n o c t i l u c e n t  c l o u d s  w e r e  i n c o m p a r a b l y  g r e a t e r .  

( 3 )  Gross e r r o r s  a r e  o f t e n  f o u n d  i n  a n a l y z i n g  p h o t o g r a p h s  o f  
n o c t i l u c e n t  c l o u d s .  For e x a m p l e ,  t h e r e  c a n  b e  e r r o r s  i n  i d e n t i f y -  
i n g  t h e  s t a r s ,  r e a d i n g  t h e  n u m b e r s  on  t h e  s c a l e  o f  t h e  m e a s u r i n g  
m i c r o s c o p e ,  p u n c h i n g  o u t  t h e  d a t a  o n  t h e  p u n c h e d  c a r d s ,  e t c .  T h i s  
s h o u l d  h a v e  a g r e a t  e f f e c t  o n  t h e  r e s u l t s .  T h e r e f o r e ,  w e  d e c i d e d  
t o  f i n d  ways  t o  a v o i d  s u c h  e r r o r s .  A s  w e  h a v e  a l r e a d y  m e n t i o n e d ,  
t h e r e  i s  a b l o c k  i n  t h e  p r o g r a m  w h i c h  c a l c u l a t e s  t h e  c o o r d i n a t e s  
c1 a n d  6 o f  t h e  r e f e r e n c e  s t a r s ,  a n d  t h e  d i f f e r e n c e s  b e t w e e n  t h e  
a c c e p t e d  a n d  t h e  c a l c u l a t e d  c o o r d i n a t e s  a r e  p r i n t e d  o u t .  If a n y  

149 



g r o s s  e r r o r  i s  p e r m i t t e d ,  i t  i s  u s u a l l y  f o u n d  i n  t h e s e  d i f f e r e n c e s .  
T h i s  b l o c k  w a s  a b s o l u t e l y  n e c e s s a r y ,  s i n c e  t h e s e  e r r o r s  w e r e  d e -  
t e c t e d  i n  a t  l e a s t  h a l f  o f  t h e  p a i r s  o f  n e g a t i v e s  a n a l y z e d .  I n  
o u r  c a s e ,  t h e y  were  e x c l u d e d  c o m p l e t e l y ,  a n d  w e  c o u l d  b e  more  ce r -  
t a i n  o f  t h e  r e a l i t y  o f  t h e  r e s u l t s  o b t a i n e d .  

D i s c u s s i o n  o f  t h e  R e s u l t s  O b t a i n e d  

The f o l l o w i n g  t a b l e  g i v e s  t h e  r e s u l t s  o f  c a l c u l a t i o n s  f o r  6 8  /132 
g e o g r a p h i c  c o o r d i n a t e s  a n d  a l t i t u d e s  o f  n o c t i l u c e n t  c l o u d s  o b t a i n e d  
€or s e v e n  p a i r s  o f  n e g a t i v e s  w h i c h  were  p h o t o g r a p h e d  a t  S i g u l d a  a n d  
B a l d o n a  on  t h e  n i g h t  o f  J u l y  1 4 - 1 5 ,  1 9 5 9 .  The  a v e r a g e  a l t i t u d e  o f  
t h e  n o c t i l u c e n t  c l o u d s  w a s  e q u a l  t o  8 3 . 4  km. T h i s  r e s u l t  w a s  some-  
w h a t  g r e a t e r  t h a n  t h e  a v e r a g e  v a l u e s  o f  t h e  a l t i t u d e s  p r e s e n t e d  b y  
C .  S t o r m e r  ( 8 2 . 1  km) [ 6 , 7 ] ,  M . I .  B u r o v  ( 8 2 . 5  km) E 2 1  a n d  o t h e r s .  

n I 
L 

85 
1 ,  sa li, n xrc 

F i g .  3 .  D i s t r i b u t i o n  o f  
N o c t i l u c e n t  C l o u d s  b y  
A l t i t u d e  ( J u l y  1 4 - 1 5 ,  
1 9 5 9 ,  S i g u l d a - B a l d o n a )  

I t  i s  p o s s i b l e  t h a t  t h e  
a l t i t u d e s  ( 9 1  a n d  9 2  km) a r e  
d e t a i l s  i n  t h e  f o r m  o f  w a v e s  

The d i a g r a m  i n  F i g u r e  3 g i v e s  
t h e  d i s t r i b u t i o n  o f  t h e  number  o f  
p o i n t s  i n  n o c t i l u c e n t  c l o u d s  b y  a l t i -  
t u d e .  The  maximum d i s t r i b u t i o n  i s  
f o u n d  a t  8 4 - 8 5  km. T h e r e  a r e  t w o  
more  max ima ;  t h i s  may i n d i c a t e  t h a t  
t h e r e  a r e  s e v e r a l  l a y e r s  i n  n o c t i l u -  
c e n t  c l o u d s .  However ,  w e  c a n n o t  d r a w  
a n y  d e f i n i t e  c o n c l u s i o n s ,  b e c a u s e  o f  
t h e  r e l a t i v e l y  s m a l l  number  o f  mea- 
s u r e d  a l t i t u d e s .  T h e r e  i s  a n o t h e r  
f e a t u r e  o f  t h e  d i a g r a m  w h i c h  i s  more  
r e l i a b l e ,  a s  w e l l  a s  i n t e r e s t i n g :  
t h e  s l i g h t  i n c r e a s e  on  t h e  p a r t  o f  
t h e  l o w e r  a l t i t u d e s  a n d  t h e  a b r u p t  
i n c r e a s e  on  t h e  p a r t  o f  t h e  h i g h e r  
a l t i t u d e s .  T h i s  c o u l d  i n d i c a t e  t h a t  
t h e r e  i s  a s h a r p  b o u n d a r y  a b o v e  t h e  
l a y e r  i n  w h i c h  n o c t i l u c e n t  c l o u d s  c a n  
a p p e a r .  T h u s ,  t h e r e  c o u l d  b e  a c h a n g e  
i n  some p h y s i c a l  p r o p e r t i e s  o f  t h e  
a t m o s p h e r e  o n  w h i c h  t h e  a p p e a r a n c e  o f  
n o c t i l u c e n t  c l o u d s  d e p e n d s .  

t w o  a b n o r m a l l y  g r e a t  v a l u e s  for t h e  
e r r o r s ,  s i n c e  t h e r e  a r e  many s u c h  
on  t h e  p h o t o g r a p h ,  a n d  t h e  m e a s u r e d  

p o i n t s  may h a v e  b e e n  i d e n t i f i e d  i n c o r r e c t l y ,  d e s p i t e  t h e  f a c t  
t h a t  t h e y  b e l o n g  t o  o n e  d e t a i l  i n  t h e  c l o u d .  

1 5 0  
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COORDINATES AND ALTITUDES OF NOCTILUCENT CLOUDS 

No. 
- _  

1 
2 
3 
4 
5 
G 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
2G 
27 
28 
29 
30 
31 
32 
33 
34 
35 
3G 
37 
38 
39 
40 

.. . 

- N,R; t Oo f 
graph 

S81 6-BOG 

SS17-B97 

SSIS--DI)S 
& 

MOSCOW ] F p - t i t u d c  
time ,detai __km 

-- 

) h 2 G  m 

28 

30 

- 

1 
2 
3 
4 
5 
G 
7 
Sa 
Sib 
Oa 
9 b  

10 
1 
2a 
a b  
3 
4 
5 
G 
7 a 
‘i‘b 
8 
9 
la 
I b  
2 
3 
4 
5n 
a b  
5 C  
5. d 
G 
7 
8 
9;)- 
9* b 

10 
I 1  
12 

8& 3 
84, G 
83.1 
83, G 
85.8 
84.4 
82.2 
84. G 
84,5 
84.4 
84, 4 
83,2 
85, 8 
84. G 
8?*9 
SO, 9 
SI, G 
55, I 
77, I 
75.7 
81.8 
SCLS 
85.3 
51.3 
so, 8 
84.9 
s4.4 
86.3 
K9.3 
83.7 
so, I 
84.5 
81, ti 
S2.0 
84.4 
s3.4 
s5.5 
82. ti 
S’1.5 
8% 5 

l a t i t ude  
CD 

590.03 
59, I Q  
58.91 
59-18 
5$40 
5q3G 
59.18 
59-47 
59-47 
59.45 
59.45 
59.14 
59.10 
59.13 
59, I 2  
59.1’ 
59.32 
59.04 
59.37 
59.71 
59.90 
59.13 
55.93 
59,ss 
59.89 

DO, 50 
60.79 
Gl,/t” 

61.59 

G O ,  (i0 

G1.69 

G1.74 
G1.21 
GO.49 
80.44 

G,b 4 ’1 
61). 53 
G0.X 
GO. 4 I 

li0.4i 

Longitude 
x 

/133 

151 



( T a b l e  C o n t i n u e d )  /134 

... . 
I No. of Moscow 

t i m e  

h3t i  m 

40 

50 

@i 

I ion-gitude 
etail km 

N O T E :  The number  o f  t h e  d e t a i l  i n  t h e  n o c t i l u c e n t  c l o u d  i s  g i v e n  
i n  s e q u e n c e  i n  t h e  f i r s t  c o l u m n ;  t h e  number  o f  t h e  p h o t o g r a p h s  o f  
t h e  c o r r e s p o n d i n g  p a i r  i s  g i v e n  i n  t h e  s e c o n d  c o l u m n ;  t h e  Moscow 
S t a n d a r d  T i m e  i s  g i v e n  i n  t h e  t h i r d  c o l u m n  f o r  t h e  b e g i n n i n g  of 
t h e  e x p o s u r e ;  t h e  number  of t h e  d e t a i l  i n  t h e  same p a i r  o f  p h o t o -  
g r a p h s  i s  g i v e n  i n  t h e  f o u r t h ;  i n  t h e  f i f t h ,  t h e  a l t i t u d e  o f  t h e  
n o c t i l u c e n t  c l o u d  i n  k i l o m e t e r s ;  i n  t h e  s i x t h  a n d  s e v e n t h ,  t h e  

g e o g r a p h i c  l a t i t u d e  a n d  l o n g i t u d e  ( i n  d e g r e e s ) ,  r e s p e c t i v e l y .  

We c o u l d  a l s o  s a y  t h e  same a b o u t  t h e  l o w  a l t i t u d e s  o f  75 -76  km, 
a l t h o u g h  t h e s e  ca ses  a r e  more  r e a l i s t i c .  F u r t h e r  s t u d i e s  a r e  n e c -  
e s s a r y  i n  o r d e r  t o  m a i n t a i n  d e f i n i t e l y  t h a t  n o c t i l u c e n t  c l o u d s  c a n  
a p p e a r  a t  s u c h  d i f f e r e n t  a l t i t u d e s  ( f r o m  75 t o  9 2  k m ) .  For o t h e r  
a u t h o r s  ( f o r  e x a m p l e ,  G .  W i t t  [ 8 1 ) ,  t h e  r a n g e  o f  a l t i t u d e s  w a s  
much more  n a r r o w .  
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